a2 United States Patent

Harada et al.

US009190281B2

(10) Patent No.: US 9,190,281 B2
(45) Date of Patent: Nov. 17,2015

(54)

(71)

(72)

(73)

")

@

(22)

(65)

(63)

(30)

Feb. 28,2013  (IP)
Mar. 8,2013  (IP)

(1)

(52)

METHOD OF MANUFACTURING
SEMICONDUCTOR DEVICE

Applicant: Hitachi Kokusai Electric Inc., Tokyo
(IP)

Inventors: Kazuhiro Harada, Toyama (JP); Arito
Ogawa, Toyama (JP); Hiroshi Ashihara,
Toyama (IP)

Assignee: HITACHI KOKUSAI ELECTRIC
INC., Tokyo (IP)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by O days.

Appl. No.: 14/708,004
Filed: May 8, 2015

Prior Publication Data
US 2015/0243507 Al Aug. 27,2015
Related U.S. Application Data
Continuation of application No. 14/187,799, filed on
Feb. 24, 2014, now Pat. No. 9,059,089.
Foreign Application Priority Data

2013-039088
2013-047105

Int. Cl1.

HOIL 21/3205 (2006.01)
HOIL 21/4763 (2006.01)
HOIL 2128 (2006.01)
HOIL 21285 (2006.01)
U.S. CL

CPC ... HOIL 21/28088 (2013.01); HOIL 21/28556
(2013.01); HOIL 21/28568 (2013.01)

(58) Field of Classification Search
USPC ............ 438/592, 676,770, 778, 257/E21.24,
257/E21.26,E21.27,E21.171
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

2005/0287804 Al* 12/2005 Vaartstra ..........cc.c..... 438/676
2008/0268653 Al  10/2008 Kim et al.
2009/0071505 Al* 3/2009 Miyaetal. ....ccccoueunnene 134/1.1
2010/0297846 Al 112010 Kagaet al.

(Continued)

FOREIGN PATENT DOCUMENTS

CN 102456552 A 5/2012
Jp 2011-006783 A2 1/2011
(Continued)

Primary Examiner — Charles Garber
Assistant Examiner — Abdulfattah Mustapha
(74) Attorney, Agent, or Firm — Volpe and Koenig, P.C.

(57) ABSTRACT

The method of manufacturing a semiconductor device in
accordance with the present invention provides a metal-con-
taining film capable of adjusting a work function. The includ-
ing: (a) alternately supplying a first source containing a first
metal element and a halogen element and a second source
containing a second metal element different from the first
metal element and at least one selected from the group con-
sisting of a ligand of a methyl group, a ligand of an ethyl
group and a ligand of a cyclopenta-based group onto a sub-
strate in a process chamber to form a composite metal-con-
taining film on the substrate; and (b) alternately supplying a
third source containing a third metal element and a fourth
source containing nitrogen onto the substrate in the process
chamber to form a metal nitride film on the composite metal-
containing film.

13 Claims, 27 Drawing Sheets

AN




US 9,190,281 B2

Page 2
(56) References Cited FOREIGN PATENT DOCUMENTS
U.S. PATENT DOCUMENTS Jp 2012-104735 A 5/2012
KR 1020070046556 A 5/2007

2012/0100675 Al 4/2012 Komatsu et al. . .
2012/0220137 Al* 82012 Otaetal. ....cccoocovrvnnnc. 438/765 * cited by examiner



US 9,190,281 B2

Sheet 1 of 27

Nov. 17, 2015

U.S. Patent

121}

14:2}

¢91

€09l

L )
% 00
Qz01 \\m..O
Vi ee
— “ 1]
‘“
4
~ 1
4
? 7 - —
T | =7
Z ml\. 191 m \
5 9 %
egol __Y \
m x W« WA LS IS A SIS SIS ELI SIS LTSS SIS, w\q\q\\\.\\\ S IAISTS IS Y, “
Z
Z \ agoy 5% 054 N\ \ “
w \ H egLl _‘\\
72
% \ & \\m/ £t
N 2G01 \ ego| T Yorox “
oot /] PR 8_\ o | m
TTIITITITIITITITY \\\ \ f \& \\ 7 ez &\\\ f “.m H3IAINVYHDO
e —— | Bl N\ o b
101 — bz e \\\ T g %001avO0T
[ 441} T TIIITIT \ “ Ol
Qv TITITTT u\rIJ\ $ yoREEBEEBREE| wfm | ?/: W/E/ “ .\\ IS LL LA S PSP IS S I AL I SIS PSSP
° V — ﬂw o v — > \\\\\\\\\\\\\u\\\\\\\a\\\\\\w“ f
"ovi 00t 10l .u_._. | \ <l
(20K 1— dps ot " egoy 9601
{
” col
IHIMT IHL HO SYO I0ANOS ONISSTO0dd d34vMW ONIENA
I°OId



U.S. Patent Nov. 17, 2015 Sheet 2 of 27 US 9,190,281 B2

FIG. 2
(249a) (249
2324 233a \Er' 1
2958 12 K SHRH ERHITRIE
Y T p— 81—~ ] il
1 I HIE
(232— (2811 \/\,_|'—'
1 [
(2330) || 232b——) —
Rt (2339 || 233b
AR
235b
(270c)
2710
(2708) | (2719
(-~
(2720)
(293c) (2720
] 93e || 272e
2954
(273¢)
( FnLﬂ"mmﬂ 213e
295
273d
(2910 H K Nosa
{2911 H 291

jo
)
3
[+]




US 9,190,281 B2

Sheet 3 of 27

Nov. 17, 2015

U.S. Patent

(69r)(v221)
(stv)
(506)
(806)

2162162 0162) (0162)—

9662'PS6Z°(1562) (0562)
80/2'P022'(1022)(00.2)
CIATA SAXA T ATAN I AXS)

A
A
ummmﬁmmwdmms_ﬁmmﬁ
Begz agez peee (0gce) (agee) ecee

9¢IZ'PELT 8L (9€LT)
'Bgez'ageziesez
£al

(Q1EF)¥OL

(egLp)zol

{pLgL)(alg

(89zL)'az0l

(20v){81ZL)'90L

EINELR]

£ OId

HOSNIS -—
IFUNLYYIANTL -
d )l
HOSNIS FUNSSTUd  |a=—p ™ * HOLvAINS Lvod (S1)
o | WSINYHOIW
180d avoT «—> ONILYLOM — [TN—(z0z1)'6a1
< LINNNYIT
H3aN3HO aod <+~ o (g16)
L o1 dolvnlovy
..... ANVL e VAN (z26)
40dNos dinoil X y T
| woLYAZT3
(O4NT) Y3 TIOUINOD g o (9z6)
mondssvwainon |7 7| [foaca uadsnval
CHZOdun T T LomEHdsonLY (¥e6)
o | LINNNOILYLOY
1090y (916)
INTVA <>
208¢
(04A) ¥3TTIO0HINOD | o \/I 28¢e
MOTd SSYIA g /
0 o 1804 O/l
AMIAOOTM F0n0s [€ / ¥ 3I0IA3a01
pOgE
PR e
dilNd NNNJVA 4> ElllEld
JHONaN Pl BN ERTEPRRTEN
(ENTVA DdY) -« @ TYNYILX3
- »
HOLSNray I4NSSIud v \I\
1080y P €8¢
- Ll
J34ShveL Wy <l (AV1dSIQ)
P - | TL2o1naa Avigsia
ANTYA ALYD +«—> nomml\ 7
WSINVHOIN -—> 40 2
ANILYAT T 7 1/{
— 00g
(LINA §31VAH) «— .




U.S. Patent Nov. 17, 2015 Sheet 4 of 27 US 9,190,281 B2

FIG. 4

N




U.S. Patent Nov. 17, 2015 Sheet 5 of 27 US 9,190,281 B2
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FIG. 7A
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FIG. 7B
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FIG. 9A
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FIG. 9B
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FIG. 10A
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FIG. 10B
TDEAHf COMPOSITON [atom%]
DOSE TIME
[sec] Ti Hf C N cl
10 33.9 |117.1117.5| 23.5| 8.0
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FIG. 19B
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FIG. 22

HfO2
HfO2
— TIAIC (3nm)

TIAIC (3nm)INSITU TiN cap.
TIiAIC (10nm)

1E+23

1E+22 |

O CONCENTRATION [atom/cm3]

1E+21 ||||I||||I||||I|||\|:3\II||||

20 30 40 50 60 70
DEPTH [nm]




US 9,190,281 B2

Sheet 27 of 27

Nov. 17, 2015

U.S. Patent

ONIAYOTNN|(NIL) Wd HLHNOA [HIASNYEL| (DIVIL) Nd QHIHL | ©ONIavoT HOLlvd HLXIS
ONIAYOTINNKNLL) INd ANODIS [HIASNYEL] (DIVIL) INd LSHIH| ONIAVOT HO1vd HLdId
ONIAYOTNN|(NIL) INd HLYNOL [HTASNYHL] (DIVIL) Wd QYIHL] ONIAYOT HOLvd H1dNo4
ONIAYOTINNKNIL) Wd ONOD3S [HIASNYEL] (DIVIL) INd 1SHId| ONIAYOT HOLlveE QHIHL
wz_o<o._zn_ﬁz_b Wd H1HNOA [434SNYHLL{DIvil) Wd adIHL | ONIaYOT HOLvd ANQJ3S
@z_m_<923_ﬁz_t Wd ONODIS [HIASNTAL] (DIVIL) Wd 1SdId| ONIAYOT HOlvd 144
-

T OIA



US 9,190,281 B2

1
METHOD OF MANUFACTURING
SEMICONDUCTOR DEVICE

CROSS REFERENCE TO RELATED PATENT
APPLICATIONS

This application is a continuation application of U.S.
patent application Ser. No. 14/187,799 filed on Feb. 24,2014,
which claims priority, under 35 U.S.C. §119, to Japanese
Patent Application No. 2013-039088 filed on Feb. 28, 2013
and Japanese Patent Application No. 2013-047105 filed on
Mar. 8, 2013 in the Japanese Patent Office, the entire contents
of which are hereby incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to a method of manufacturing
a semiconductor device.

BACKGROUND OF THE INVENTION

In a large-scale integration (L.SI) manufacturing process, a
transistor structure includes a gate stack structure configured
to control a limit voltage of a transistor, in which a high-k
dielectric film having a dielectric constant of more than 4 is
formed on silicon and a conductive thin film is formed on the
high-k dielectric film. In the transistor structure, various con-
ductive thin films are used as a gate electrode to control power
consumption of the transistor. These conductive thin films
include specific work functions (WF). The threshold voltage
of the transistor may be controlled by adjusting the work
functions.

When a metal film (metal gate electrode) is formed as a
conductive thin film with the miniaturization or complication
of'device shapes, a method of forming a film using a plurality
of material gases has been adopted. With the miniaturization
of devices, the width of a space in which the metal film may
be deposited is reduced, so that a layer thickness of a gate
electrode used to adjust a work function can tend to be
reduced. Presently, a metal-containing film which is a metal
nitride film [for example, a titanium nitride (TiN) film] has
widely been adopted as a metal gate electrode (Patent Docu-
ment 1).

PRIOR ART DOCUMENTS
Patent Documents

1. Japanese Patent Laid-open Publication No. 2011-6783

DISCLOSURE OF THE INVENTION
Problems to be Solved by the Invention

A metal-containing film having a work function different
from a work function of a conventional metal-containing film
has been required to improve performance of a transistor. For
example, a material having a smaller work function than a
titanium nitride (TiN) film is needed for an NMOS-type tran-
sistor.

It is a main object of the present invention to form a metal-
containing film in which a threshold voltage can be adjusted
(tuned), i.e., a work function can be adjusted, in consideration
of the above-described object.

According to one aspect of the present invention, there is
provided a method of manufacturing a semiconductor device,
including: (a) alternately supplying a first source containing a
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first metal element and a halogen element and a second source
containing a second metal element different from the first
metal element and at least one selected from the group con-
sisting of a ligand of a methyl group, a ligand of an ethyl
group and a ligand of a cyclopenta-based group onto a sub-
strate in a process chamber to form a composite metal-con-
taining film on the substrate; and (b) alternately supplying a
third source containing a third metal element and a fourth
source containing nitrogen onto the substrate in the process
chamber to form a metal nitride film on the composite metal-
containing film.

Effects of the Invention

According to one aspect of the present invention, a metal-
containing film in which a limit voltage can be adjusted, i.e.,
a work function can be adjusted, may be formed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional configuration diagram of a sub-
strate processing apparatus according to a first exemplary
embodiment of the present invention during the processing of
a wafer.

FIG. 2 is a configuration diagram of a gas supply system of
the substrate processing apparatus shown in FIG. 1.

FIG. 3 is a schematic configuration diagram of a controller
of the substrate processing apparatus shown in FIG. 1.

FIG. 4 is a diagram illustrating an example of a configura-
tion of a gate of an NMOS-type transistor according to an
exemplary embodiment of the present invention.

FIG. 5 is a process flowchart illustrating an example of a
process of manufacturing a gate of the NMOS-type transistor
shown in FIG. 4.

FIG. 6 is a process flowchart illustrating an example of a
film-forming process in the process flow shown in FIG. 5.

FIG.7A is a diagram illustrating gas supply timing in a first
film-forming process shown in FIG. 6.

FIG. 7B is a diagram illustrating gas supply timing in a
second film-forming process shown in FIG. 6.

FIG. 8 is a diagram illustrating an effective work function
(eWF) of a titanium hafnium nitride (TiHfN) film formed
according to the above-described process flow shown in FIG.
6.

FIG. 9A illustrates a relationship between a process tem-
perature (film-forming temperature) and a composition ratio
when the titanium hafnium nitride film is formed.

FIG. 9B illustrates a composition ratio relative to a prede-
termined process temperature (film-forming temperature)
when the titanium hafnium nitride film is formed.

FIG. 10A illustrates a relationship between a supply time
of TDEAHT per cycle and a composition ratio when the
titanium hafnium nitride film is formed.

FIG. 10B illustrates a relationship between a predeter-
mined supply time of TDEAHT per cycle and a composition
ratio when the titanium hafnium nitride film is formed.

FIG. 11 is a cross-sectional view of an example of a con-
figuration of a substrate processing apparatus according to a
second exemplary embodiment of the present invention.

FIG. 12 is a longitudinal sectional view of the example of
the configuration of the substrate processing apparatus
according to the second exemplary embodiment of the
present invention.

FIG. 13 is a diagram illustrating a transfer sequence of a
substrate according to the second exemplary embodiment of
the present invention.
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FIG. 14 is a cross-sectional view of an example of a con-
figuration of a substrate process chamber according to a third
exemplary embodiment of the present invention.

FIG. 15 is a longitudinal sectional view of the example of
the configuration of the substrate process chamber according
to the third exemplary embodiment of the present invention.

FIG. 16 is a longitudinal sectional view of an example of a
configuration of a substrate process chamber according to a
fourth exemplary embodiment of the present invention.

FIG. 17 is a cross-sectional view of the example of the
configuration of the substrate process chamber according to
the fourth exemplary embodiment of the present invention.

FIG. 18 is a process flowchart illustrating an example of a
film-forming process in a process flow according to a fifth
exemplary embodiment of the present invention.

FIG. 19A is a diagram illustrating gas supply timing in the
third film-forming process shown in FIG. 18.

FIG. 19B is a diagram illustrating gas supply timing in the
fourth film-forming process shown in FIG. 18.

FIG. 20 is a diagram illustrating characteristics of a film
formed using a method described in the fifth exemplary
embodiment.

FIG. 21 is a diagram illustrating an effective work function
when the thickness of a cap film is varied.

FIG. 22 is a diagram illustrating an oxygen concentration
in a film depending on the presence or absence of a cap film.

FIG. 23 is a diagram illustrating a transfer sequence of a
substrate according to a sixth exemplary embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

One embodiment of the present invention will now be
described with reference to the accompanying drawings
below.

Transistors include NMOS-type transistors and PMOS-
type transistors. In an NMOS-type transistor, a conductive
film in which a work function with respect to a high-k dielec-
tric film is smaller than a middle value (which is called a
mid-gap) between a conduction band of a silicon semicon-
ductor and a valence band thereof is initially formed on the
high-k dielectric film (first conductive film). Accordingly, to
meet the requirement, the first conductive film preferably has
a work function of less than 4.5 eV. In contrast, in a PMOS-
type transistor, a conductive film having a work function of
more than 4.5 eV is used as the first conductive film.

The inventors found the following problems, and found
that the problems could be solved by the following invention.
In natural science, a work function is defined as energy
needed to bring one electron from a substance to an infinite
distance, and an NMOS conductive film is basically more
susceptible to oxidation than a PMOS conductive film.

When a conductive film is formed using a physical vapor
deposition (PVD) process or the above-described method, a
portion of an outermost side of the conductive film is slightly
oxidized when in contact with the atmosphere. Although an
extent of oxidation is affected by incompleteness (defects), a
crystal structure, and a physical surface area of a metal, ele-
ments constituting the conductive film are essentially robbed
of electrons by oxygen having a high electronegativity.

In a transistor in which the minimum dimension of a con-
ventional device exceeds 0.1 pum, since a deposited thin film
has a sufficiently great thickness, the influence of the oxida-
tion may be ignored. In addition, since the performance of an
NMOS transistor was not particularly rigorously pursued, the
great thickness of the deposited thin film had not been noted
as a big issue. However, as the minimum dimension of the
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transistor has been reduced down to 50 nm and additional
power reduction has been pursued in a final product having a
transistor, the inventors have found that oxidation of a work
function adjusting film appropriate for an NMOS transistor
leads to serious performance deterioration. Also, when the
work function adjusting film appropriate for the NMOS tran-
sistor has a thickness of less than 5 nm (5 A), performance of
the work function adjusting film is markedly degraded. Also,
when the work function adjusting film appropriate for the
NMOS transistor has a thickness of 10 nm or more, it is
difficult to maintain a work function of an obtained bulk.
Also, when the work function adjusting film is oxidized, the
work function of the bulk increases to become closer to that of
a PMOS transistor. Even if a thin film is formed according to
the present invention, the characteristics of the bulk may be
maintained.

First Embodiment

Hereinafter, exemplary embodiments of the present inven-
tion will be described in further detail with reference to the
accompanying drawings.

Initially, a substrate processing apparatus used in the exem-
plary embodiments of the present invention will be described.
The substrate processing apparatus is configured as an
example of an apparatus for manufacturing a semiconductor
device used in a process included in a process of manufactur-
ing a semiconductor device.

In the following description, a case in which a single-
wafer-type substrate processing apparatus for performing a
film-forming process or the like on a single substrate at one
time is used as an example of a substrate processing apparatus
will be described.

(1) Structure of Substrate Processing Apparatus

Initially, a structure of a substrate processing apparatus
according to the present embodiment will be described with
reference to FIG. 1. FIG. 1 illustrates a cross-sectional con-
figuration diagram of a substrate processing apparatus
according to an exemplary embodiment of the present inven-
tion during the processing of a wafer, and a cross-sectional
configuration diagram of the substrate processing apparatus
during the transfer of the wafer.

<Process Chamber>

As shown in FIG. 1, the substrate processing apparatus
according to the present embodiment includes a process con-
tainer 102. The process container 102 is configured as, for
example, a planar airtight container having a circular cross-
section. Also, the process container 102 is formed of a metal
material, for example, aluminum (Al) or stainless steel
(SUS), or quartz (Si0,). A process chamber 101 for process-
ing a wafer 100 (e.g., silicon wafer) which is a substrate is
formed in the process container 102.

<Support Stage>

A support stage 103 for supporting the wafer 100 is
installed in the process chamber 101. The support stage 103 is
formed of, for example, quartz (SiO,), carbon, ceramics,
silicon carbide (SiC), aluminum oxide (Al,O;), or aluminum
nitride (AIN). A susceptor 117 which is a support plate
formed of, for example, quartz (SiO,), carbon, ceramics,
silicon carbide (SiC), aluminum oxide (Al,O,), or aluminum
nitride (AIN) may be installed on a top surface of the support
stage 103 which is in direct contact with the wafer 100. Also,
a heater 106 which is a heating unit (heating source) for
heating the wafer 100 may be embedded in the support stage
103. In addition, a lower end portion of the support stage 103
penetrates a bottom portion of the process container 102.
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<Elevating Mechanism>

An elevating mechanism 1075 is installed outside the pro-
cess chamber 101 and connected to the lower end portion of
the support stage 103. By moving the support stage 103
upward/downward by operating the elevating mechanism
1075, the wafer 100 supported on the susceptor 117 may be
moved upward/downward. The support stage 103 may move
downward to a height of a wafer transfer port 150 to be
described later during the transfer of the wafer 100, while the
support stage 103 may move upward to a wafer process posi-
tion (shown position) during the processing of the wafer 100.
Also, the circumference of the lower end portion of the sup-
port stage 103 may be coated with a bellows 103a, and the
inside of the process chamber 101 may be air-tightly retained.

<Lift Pin>

For example, three lift pins 1085 are installed on a lower
surface (bottom surface) of the process chamber 101 to rise
[be erected] in a vertical direction. Also, through holes 1084
are respectively penetrated by the lift pins 1085 and installed
in positions corresponding to the lift pins 1085 in a support
stage 103 [susceptor 117]. When the support stage 103 is
moved downward to a wafer transfer position, upper end
portions of the lift pins 1085 protrude from a top surface of the
susceptor 117 via the through holes 108a so that the lift pins
1084 can support the wafer 100 from below. Also, when the
support stage 103 is moved upward to a wafer process posi-
tion, the lift pins 1084 are buried from the top surface of the
susceptor 117 so that the susceptor 117 can support the wafer
100 from below. Since the lift pins 1085 are in direct contact
with the wafer 100, the lift pins 1085 are preferably formed
of, for example, a material such as quartz or alumina.

<Wafer Transfer Port>

A wafer transfer port 150 for transferring the wafer 100
into/from the process chamber 101 is installed in a side sur-
face of an inner wall of the process chamber 101 [process
container 102]. A gate valve 151 is installed at the wafer
transfer port 150, and the inside of the process chamber 101 is
in communication with the inside of a transfer chamber 171
(preliminary chamber) by opening the gate valve 151. The
transfer chamber 171 is formed in a transfer container 172
(air-tight container), and a transfer robot 173 for transferring
the wafer 100 is installed in the transfer chamber 171. The
transfer robot 173 includes a transfer arm 173a for supporting
the water 100 during the transfer of the wafer 100. By opening
the gate valve 151 while moving the support stage 103 down-
ward to a wafer transfer position, the wafer 100 may be
transferred by the transfer robot 173 between the inside of the
process chamber 101 and the inside of the transfer chamber
171. As described above, the wafer 100 transferred into the
process chamber 101 is temporarily placed on the lift pins
108b. Also, aloadlock chamber (not shown) is installed at the
opposite side to a side at which the wafer transfer port 150 of
the transfer chamber 171 is installed, and the wafer 100 may
be transterred by the transfer robot 173 between the inside of
the loadlock chamber and the inside of the transfer chamber
171. Also, the loadlock chamber functions as a preliminary
chamber for temporarily accommodating unprocessed or
completely processed waters 100.

<Exhaust System>

An exhaust port 160 for exhausting an atmosphere of the
process chamber 101 is installed in the side surface of the
inner wall of the process chamber 101 [process container 102]
at the opposite side of the wafer transfer port 150. An exhaust
pipe 161 is connected to the exhaust port 160 via an exhaust
chamber 160a, and a pressure adjustor 162 (e.g., auto pres-
sure controller (APC)) which is a pressure control device for
controlling the inside of the process chamber 101 to a prede-
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termined pressure, a source recovery trap 163, and a vacuum
pump 164 are sequentially connected in series to the exhaust
pipe 161. An exhaust system (exhaust line) is mainly config-
ured by the exhaust port 160, the exhaust pipe 161, and the
pressure adjustor 162. Although the source recovery trap 163
and the vacuum pump 164 are installed at a semiconductor
manufacturing factory at which the substrate processing
apparatus is installed, the source recovery trap 163 and the
vacuum pump 164 may be installed in the substrate process-
ing apparatus.

<Gas Introduction Port>

A gas introduction port 110 for supplying various gases
into the process chamber 101 is installed in a top surface
(ceiling wall) of a shower head 140 to be described below
installed over the process chamber 101. Also, a structure of a
gas supply system connected to the gas introduction port 110
will be described below.

<Shower Head>

The shower head 140 which is a gas dispersion mechanism
is installed between the gas introduction port 110 and the
process chamber 101. The shower head 140 includes a dis-
persion plate 140a configured to disperse a gas introduced
from the gas introduction port 110 and a shower plate 1405
configured to further uniformly disperse a gas passing
through the dispersion plate 140a and supply the gas to a
surface of the wafer 100 disposed on the support stage 103. A
plurality of bent holes are installed in the dispersion plate
140a and the shower plate 1405. The dispersion plate 140a is
disposed opposite to a top surface of the shower head 140 and
the shower plate 1405, and the shower plate 1405 is disposed
opposite to the wafer 100 disposed on the support stage 103.
Also, spaces are respectively installed between the top sur-
face of the shower head 140 and the dispersion plate 140a and
between the dispersion plate 140a and the shower plate 1405.
These spaces respectively serve as a first buffer space 140¢
(dispersion chamber) configured to disperse gases supplied
from the gas introduction port 110 and a second buffer space
140d configured to disperse gases passing through the disper-
sion plate 140a.

<Exhaust Duct>

A stepped portion 101« is installed in the side surface of the
inner wall of the process chamber 101 [process container
102]. The stepped portion 101a is configured to retain a
conductance plate 104 near the wafer process position. The
conductance plate 104 is configured as a single donut-shaped
(ring-shaped) circular plate in which a hole accommodating
the wafer 100 is installed in an inner circumferential portion
thereof. A plurality of discharge ports 104a are installed in an
outer circumferential portion of the conductance plate 104
and arranged at predetermined intervals in a circumferential
direction. The discharge ports 104a are discontinuously
formed such that the outer circumferential portion of the
conductance plate 104 may support the inner circumferential
portion thereof.

Meanwhile, a lower plate 105 is suspended on an outer
circumferential portion of the support stage 103. The lower
plate 105 includes a ring-shaped concave portion 1055 and a
flange portion 1054 integrally installed on an inner side of the
concave portion 10554. The concave portion 1055 is installed
to block a gap between the outer circumferential portion of
the support stage 103 and the side surface of the inner wall of
the process chamber 101. A plate exhaust port 105¢ for dis-
charging (circulating) gases from the inside of the concave
portion 1055 to a side of the exhaust port 160 is installed in a
portion of a bottom portion of the concave portion 1055 near
the exhaust port 160. The flange portion 1054 functions as a
suspension portion suspended on an upper outer peripheral
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edge of the support stage 103. By suspending the flange
portion 1054 on the upper outer peripheral edge of the support
stage 103, the lower plate 105 moves upward/downward
along with the support stage 103 during the upward/down-
ward movement of the support stage 103.

When the support stage 103 moves upward to the wafer
process position, the lower plate 105 also moves upward to
the wafer process position. As a result, the conductance plate
104 retained near the wafer process position blocks a top
surface of the concave portion 1055, and an exhaust duct 159
is formed using the inside of the concave portion 1055 as a gas
flow path region. In this case, due to the exhaust duct 159 [the
conductance plate 104 and the lower plate 105] and the sup-
port stage 103, the inside of the process chamber 101 is
divided into an upper process chamber disposed above the
exhaust duct 159 and a lower process chamber disposed
below the exhaust duct 159. Also, the conductance plate 104
and the lower plate 105 are preferably formed of a material
capable of retaining a high temperature, for example, high-
temperature-resistant, high-load quartz, in consideration of a
case in which reaction products deposited on an inner wall of
the exhaust duct 159 are etched (a self-cleaning process is
performed).

Hereinafter, the flow of gases in the process chamber 101
during the processing of wafers will be described. Initially,
gases supplied from the gas introduction port 110 over the
shower head 140 flow from a plurality of holes of the disper-
sion plate 140q through the first buffer space 140c¢ (dispersion
chamber) into the second buffer space 140d and are also
supplied through a plurality of holes of the shower plate 1405
into the process chamber 101 and uniformly supplied onto the
watfer 100. Also, the gases supplied onto the wafer 100 radi-
ally flow toward an outer side of a radial direction of the wafer
100. Also, after contacting the wafer 100, the remnant gases
radially flow on the exhaust duct 159 disposed on an outer
circumferential portion of the wafer 100, that is, on the con-
ductance plate 104, toward the outer side of the radial direc-
tion of the wafer 100, and are discharged from the discharge
ports 104q installed in the conductance plate 104 into the gas
flow path region [into the concave portion 1055] of the
exhaust duct 159. Thereafter, the gases flow into the exhaust
duct 159 and are exhausted via the plate exhaust port 105¢
from the exhaust port 160. By supplying the gases as
described above, the gases are inhibited from returning to a
lower portion of the process chamber 101, that is, a back side
of the support stage 103 or a bottom surface of the process
chamber 101.

<Gas Supply System>

Next, a structure of a gas supply system connected to the
above-described gas introduction port 110 will be described
with reference to FIG. 2. FIG. 2 is a construction diagram of
a gas supply system including the gas processing apparatus
according to the present embodiment.

A mass flow controller (MFC) 235¢ which is a flow rate
control device (flow rate control unit) and a valve 233g which
is an opening/closing valve are sequentially installed at a gas
supply pipe 232¢g from an upstream side. For example, N,,
which is an inert gas, is supplied via the gas supply pipe 232¢g
into a gas introduction port 110. A second inert gas supply
system is mainly configured by the gas supply pipe 232g, the
MEC 235g, and the valve 233g.

An inert gas supply system is configured by any one of the
first inert gas supply system and the second inert gas supply
system or both of them. Although the first inert gas supply
system and the second inert gas supply system may be selec-
tively used according to the processing of the substrate, a
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uniform processing process may be performed on the wafer
100 using both the first inert gas supply system and the second
inert gas supply system.

[Source Supply System]

A source tank 2914, a liquid MFC (LMFC) 2954, and a
valve 2934 are sequentially installed at an upstream side of'a
vaporizer 270d connected to the gas supply pipe 232d. An
amount of a liquid source supplied into the vaporizer 2704
[i.e., a supply flow rate of a gas which is vaporized in the
vaporizer 2704 and supplied into the process chamber 101] is
controlled by the LMFC 2954. A first source supply system
(first liquid source supply system) is mainly configured by the
gas supply pipe 232d, the LMFC 2954, and the valve 293d.
Also, the first source supply system may further include the
liquid source tank 291d. The first source supply system also
functions as a third source supply system (third liquid supply
system) as described below.

A source (liquid source) tank 291e, an LMFC 295¢, and a
valve 293¢ are sequentially installed at an upstream side of'a
vaporizer 270e connected to the gas supply pipe 232¢ from an
upstream side. An amount of a liquid source supplied into the
vaporizer 270e [i.e., a supply flow rate of a gas which is
vaporized in the vaporizer 270e and supplied into the process
chamber 101] is controlled by the LMFC 295e¢. A second
source supply system (second liquid source supply system) is
mainly configured by the gas supply pipe 232¢, the LMFC
295¢, and the valve 293e. The second source supply system
may further include the source tank 291e.

[Carrier Gas Supply System|

An inert gas which is a carrier gas is supplied from the gas
supply pipe 271d into a vaporizer 270d. An MFC 273d and a
valve 272d are installed at the gas supply pipe 271d. By
diluting a vaporization gas generated by the vaporizer 2704
with the carrier gas, processing uniformity (e.g., uniformity
in in-plane layer thickness) of the wafer 100 mounted on the
susceptor 117 may be adjusted. A first carrier gas supply
system is mainly configured by the gas supply pipe 2714, the
MFC 273d, and the valve 272d.

An inert gas which is a carrier gas is supplied into the
vaporizer 270e from a gas supply pipe 271e. An MFC 273¢
and a valve 272¢ are installed at the gas supply pipe 271e. By
diluting a vaporization gas generated by the vaporizer 270e
with the carrier gas, processing uniformity (e.g., uniformity
in in-plane layer thickness) of the wafer 100 mounted on the
susceptor 117 may be adjusted. A second carrier gas supply
system is mainly configured of the gas supply pipe 271e, the
MFC 273e, and the valve 272e.

A first source (first liquid source) containing a metal ele-
ment (first metal element) and a halogen element is supplied
from the gas supply pipe 2324 via the LMFC 295d, the
vaporizer 2704, and a gas filter 2814 into the process chamber
101. In the present embodiment, titanium (T1), which is a
transition metal element, is selected as the metal element, and
chlorine (Cl) is selected as the halogen element. Here, tita-
nium tetrachloride (TiCl,) is used as a source containing
titanium and chlorine. TiCl, is a liquid at normal temperature
and pressure. TiCl, is stored in a liquid state in the source tank
2914d.

Although an example in which titanium, which is a transi-
tion metal element, is used as the metal element has been
described, the present invention is not limited thereto. The
metal element may be a transition metal selected from a group
consisting of tungsten (W), tantalum (Ta), zirconium (Zr),
hafnium (Hf), ruthenium (Ru), cobalt (Co), and nickel (Ni).
As sources containing these transition metal elements and a
halogen element, for example, tungsten fluoride (WF), tan-
talum chloride (TaCly), zirconium chloride (ZrCl,), hatnium
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chloride (HfCl,), tungsten chloride (WCly) or the like may be
used. Also, a metal element other than a transition metal may
be used. When the sources containing the transition metal
elements and the halogen element are in a solid state at normal
temperature and pressure, the vaporizer 2704 may not be
used, and an MFC may be appropriately used instead of an
LMFC. The first source is used as the third source as will be
described below.

A source containing a metal element (second metal ele-
ment) and an amino group is supplied from the gas supply
pipe 232e via the MFC 295¢, the vaporizer 270e, and the gas
filter 281e into the process chamber 101. An element different
from the first metal element is selected as the second metal
element. In the present embodiment, hatnium (Hf), which is
a transition metal element, is selected as the second metal
element. Here, tetrakis(dimethylamino)hafnium (Hf[N
(C,Hs), 14, abbreviated as TDEAHT) is used as the source
containing hafnium and the amino group. TDEAHf1s a liquid
atnormal temperature and pressure. The TDEAHT{is stored in
a liquid state in the source supply tank 291e.

A ligand of an amino group contained in TDEAHf may
contain an ethyl group, but is not limited thereto. The ligand
of the amino group contained in TDEAHf may contain a
methyl group, an ethyl group, both of them, or a cyclopenta-
based group. For example, as a hafnium-containing second
source, tetrakis(dimethylamino)hafnium (H{[N(CH;),].;
TDMAH{) or tetrakis(ethylmethylamino)hafnium (Hf[N
(C,H5)CH;],; TEMAHT{) may be used.

Although an example in which hafnium, which is a transi-
tion metal element, is used as the second metal element has
been described, the present invention is not limited thereto.
The second metal element may be a transition metal selected
from a group consisting of tungsten (W), tantalum (Ta), zir-
conium (Zr), hafnium (Hf), ruthenium (Ru), cobalt (Co), and
nickel (Ni). Also, ametal element other than a transition metal
may be used. However, a metal element different from the
first metal element is selected as the second metal element. As
the source containing the metal element and the amino group,
for example, tris(dimethylamino)aluminum (Al[N(CH;),]5),
tetrakis(diethylamino)zirconium (Zr[N(C,H;),],), tetrakis
(dimethylamino)zirconium (Zr[N(CH;),|,), tetrakis(ethylm-
ethylamino)zirconium (Zr[N(C,H)CH,],), tert-butylimino
tris(ethylmethylamino)tantalum (TBTEMT), tert-butylimino
tris(diethylamino)tantalum (TBTDET), or bis(tert-butyl-
imino)bis(dimethylamino)tungsten (BTBMW), etc. may be
used.

[Reactive Gas Supply System]

An MFC 2355 which is a flow rate control device (flow rate
controller) and a valve 2335 which is an opening/closing
valve are sequentially installed at the gas supply pipe 23256 in
anupstream direction. A reactive gas supply system is mainly
configured by the gas supply pipe 2325, the MFC 23554, and
the valve 2334. A fourth source containing nitrogen is sup-
plied from the gas supply pipe 2325 viathe MFC 2355 and the
valve 2335 into the process chamber 101. Here, ammonia
(NH,) is used as the nitrogen-containing source. Also, the
fourth source containing nitrogen is not limited to ammonia,
and N,, nitrous oxide (NO), or nitric oxide (N,O) may be
used.

[Control Unit]

FIG. 3 illustrates an example of connection of a control unit
with respective components according to the present embodi-
ment. A controller 300 which is a control unit (control means)
is configured as a computer including a central processing
unit (CPU) 380a, a random access memory (RAM) 3805, a
memory device 380c, and an input/output (I/O) port 380d.
The RAM 3805, the memory device 380c¢, and the /O port
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380d are configured to exchange data with the CPU 380aq via
an internal bus 380e. An 1/O device 382 configured, for
example, as a touch panel or the like is connected to the
controller 300.

The memory device 380c¢ is configured, for example, as a
flash memory, a hard disk drive (HDD), or the like. In the
memory device 380c¢, a control program for controlling an
operation of a substrate processing apparatus or a process
recipe including an order or conditions of substrate process-
ing which will be described below is stored to be readable.
The process recipe is a combination of sequences of a sub-
strate processing process which will be described below to
obtain a desired result when the sequences are performed by
the controller 300, and acts as a program. Hereinafter, the
process recipe, the control program, etc. will also be referred
to together simply as a ‘program.” Also, when the term ‘pro-
gram’ is used in the present disclosure, it should be under-
stood as including only a process recipe, only a control pro-
gram, or both of the process recipe and the control program.
The RAM 3805 is configured as a work area in which a
program or data read by the CPU 380q is temporarily stored.

The /O port 380d is connected to the heater 106, the
elevating mechanism 1075, the gate valve 151, the transfer
robot 173, the pressure adjustor 162, the vacuum pump 164,
the source recovery trap 163, the MFCs 235a, 2355, 235g,
273d, and 273e, the valves 233a, 233d, 233e, 233g, 2934,
293¢, 272d, and 272e, the vaporizers 270d and 270e, the
LMFCs 295d and 295e, the liquid source tanks 2914 and
291e, etc. Components denoted by symbols in parentheses
described in FIGS. 2 and 3 are components used in other
embodiments described below. In the respective embodi-
ments, only necessary components described in FIG. 3 are
connected to the I/O port 3804d.

The CPU 3804 is configured to read and execute the control
program from the memory device 380c¢ and to read the pro-
cess recipe from the memory device 380c¢ according to a
manipulation command received viathe [/O device 382. Also,
according to the read process recipe, the CPU 380q is con-
figured to control flow rates of various gases via the MFCs
235a,235b,235g,273d, and 273¢; control flow rates of liquid
sources via the LMFCs 2954 and 295¢; control opening/
closing of the valves 233a, 233d, 233e, 233g, 293d, 293e,
272d, and 272e; control the degree of pressure using the
pressure adjustor 162; control temperature using the heater
106; control driving/suspending of the vacuum pump 164;
control upward/downward movement of the support stage
103 using the elevating mechanism 1075, etc.

The controller 300 is not limited to a dedicated computer
and may be configured as a general-purpose computer. For
example, the controller 300 according to the present embodi-
ment may be configured by preparing an external memory
device 383 storing a program as described above, e.g., a
magnetic disk (a magnetic tape, a flexible disk, a hard disk,
etc.), an optical disc (a compact disc (CD), a digital versatile
disc (DVD), etc.), a magneto-optical (MO) disc, or a semi-
conductor memory (a Universal Serial Bus (USB) memory
(USB flash drive), a memory card, etc.), and then installing
the program in a general-purpose computer using the external
memory device 383. Also, means for supplying a program to
a computer are not limited to using the external memory
device 383. For example, a program may be supplied to a
computer using communication means, .g., the Internet or an
exclusive line, without using the external memory device 383.
The memory device 380c¢ or the external memory device 383
may be configured as a non-transitory computer-readable
recording medium. Hereinafter, the memory device 380¢ and
the external memory device 383 may also be referred to
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together simply as a ‘recording medium.’” Also, when the term
‘recording medium’ is used in the present disclosure, it may
be understood as only the memory device 380c¢, only the
external memory device 383, or both the memory device 380¢
and the external memory device 383.

<Structure of Semiconductor Device>

Next, an example of a structure of a semiconductor device
according to the present embodiment will be described. Here,
an NMOS transistor will be described as an example of the
semiconductor device.

FIG. 4 is a diagram illustrating an example of a structure of
a gate of an NMOS transistor. As shown in FIG. 4, the gate
includes a stacked structure formed by stacking a silicon-
based insulating film formed on a silicon substrate and
formed of silicon oxide (SiO,), a high-k dielectric film
formed on the silicon oxide and formed of hafnium oxide
(HfO,), and a gate electrode formed on the hafnium oxide and
formed of a composite metal nitride film (a TiHN film, which
is a compound transition metal nitride film). Also, a cap film
formed of a metal nitride film (a TiN film, which is a transition
metal nitride film) is formed on the TiHIN film. Also, an
aluminum film is formed on a back side of the silicon sub-
strate.

<Process of Forming Gate of Semiconductor Device>

Next, an example of a process of forming the gate shown in
FIG. 4 will be described with reference to FIG. 5. FIG. 5is a
process flowchart illustrating an example of a process of
forming a gate of an NMOS transistor.

Initially, a silicon substrate is processed with, for example,
a 1% water solution to remove a sacrificial oxide film from the
silicon substrate (“HF treatment” process). Thereafter, a sili-
con oxide (Si0,) film is formed on the surface of the silicon
substrate due to thermal oxidation (“SiO, formation” pro-
cess). The silicon oxide film is formed as an interfacial layer
at the silicon substrate and hafnium oxide (HfO,) to be
formed thereafter.

Next, a hatnium oxide film is formed as a high-k dielectric
film on the silicon oxide film (“high-k formation” process).
The silicon oxide film and the hafnium oxide film constitute
a gate insulating film. Next, a composite metal nitride film is
formed as a gate electrode on the hafhium oxide film (“N-side
WFM deposition” process). In the present embodiment, a
titanium hafnium nitride (TiHIN) film is formed as the com-
posite metal nitride film. As shown, in the present process, the
first source (TiCl,) and the second source (TDEAHIT) as
described above are alternately supplied in X cycles.

Thereafter, a titanium nitride (TiN) film is formed as a cap
layer on the titanium hafnium nitride film in situ (“in-situ cap
TiN deposition” process). Also, a titanium nitride film is
formed using, for example, a physical vapor deposition
(PVD) process (“TiN deposition” process). The gate elec-
trode is patterned on the titanium nitride film through a pho-
tolithography technique using a resist as a mask (“gate pat-
terning” process), and a pattern etching process is performed
using a dry etching technique (“gate etching” process). Next,
the resist is removed (“resist removal” process). A forming
gas annealing (FGA) process, such as a hydrogen gas anneal-
ing process or the like, is performed (“FGA” process). There-
after, an aluminum layer is formed on the backside of the
silicon substrate (“backside Al deposition” process).

<Processes of Forming TiHfN Film and TiN Film>

Next, a process of forming a composite metal nitride film
(TiH{N) constituting the above-described gate electrode and
aprocess of forming a metal nitride film (TiN film) constitut-
ing a cap film will be described. Each of the film-forming
processes is performed in the process chamber 101 of the
above-described substrate processing apparatus.
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FIG. 6 is a process flowchart illustrating examples of a
process of forming a composite metal nitride film (TiHIN
film) and a process of forming a metal nitride film (TiN film)
in the process flowchart shown in FI1G. 5. FIG. 7 is a diagram
illustrating gas supply timing in the film-forming process
shown in FIG. 6. In the following description, an operation of
each component of the substrate processing apparatus is con-
trolled by a controller 300.

When the term ‘wafer’ is used in the present disclosure, it
should be understood as either the wafer itself, or both the
wafer and a stacked structure (assembly) including a layer/
film formed on the wafer (i.e., the wafer and the layer/film
formed thereon may also be referred to collectively as the
‘wafer’). Also, when the expression ‘surface of the wafer’ is
used in the present disclosure, it should be understood as
either a surface (exposed surface) of the wafer itself or a
surface of a layer/film formed on the wafer, i.e., an uppermost
surface of the wafer as a stacked structure.

Thus, in the present disclosure, the expression ‘specific gas
is supplied onto a wafer’ should be understood to mean that
the specific gas is directly supplied onto a surface (exposed
surface) of the wafer itself or that the specific gas is supplied
onto a surface of a layer/film on the wafer, i.e., on the upper-
most surface of the wafer as a stacked structure. Also, in the
present disclosure, the expression ‘a specific layer (or film) is
formed on the wafer’ should be understood to mean that the
specific layer (or film) is directly formed on a surface (ex-
posed surface) of the wafer itself or that the specific layer (or
film) is formed on the layer/film on the wafer, i.e., on the
uppermost surface of the wafer as a stacked structure.

Also, in the present disclosure, the term ‘substrate’ has the
same meaning as the term ‘wafer.” Thus, the term ‘wafer’ may
be used interchangeably with the term ‘substrate.’

[Substrate Loading Process S101]

Initially, the gate valve 151 installed at the wafer transfer
port 150 is opened so that the wafer 100 may be transferred by
the transfer robot 173 from the transfer chamber 171 into the
process chamber 101. The above-described high-k dielectric
film (HfO,) is formed on the wafer 100. As the high-k dielec-
tric film, a film formed of one of aluminum oxide (AlO),
zirconium oxide (ZrO), lanthanum oxide (LaO), yttrium
oxide (YO), tantalum oxide (TaO), cerium oxide (CeO), tita-
nium oxide (Ti0), strontium titanate (STO), and barium titan-
ate (BTO) or a combination of at least two thereof may be
used. Also, these films may further include silicon oxide
(Si0) or silicon nitride (SiN). For example, ZrAlO, HfALO,
LaAlO, HfSiO, HfSiON, or ZrSiO may be used. Preferably,
an oxide film containing a transition metal may be used. The
high-k dielectric film preferably has a dielectric constant of
4.0 or more.

[Substrate Placing Process S102]

The watfer 100 transferred into the process chamber 101 is
placed on the susceptor 117 and heated by a preheated sus-
ceptor 117.

[Pressure Control Process S103]

When the wafer 100 is placed on the susceptor 117, the gate
valve 151 is closed off, and the inside of the process chamber
101 is vacuum-exhausted by the vacuum pump 164 to have a
desired pressure (degree of vacuum). In this case, the pressure
in the process chamber 101 is measured by a pressure sensor
(not shown), and the APC valve 162 is feedback-controlled
(pressure control).

[ Temperature Control Process S104]

The wafer 100 is heated by the heater 106 to have a desired
temperature. In this case, an amount of current supplied to the
heater 106 is feedback-controlled based on temperature infor-
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mation detected by a temperature sensor (not shown), so that
the wafer 100 may have a desired temperature distribution
(temperature control).

The above-described control of the pressure and tempera-
ture is continuously performed at least until the processing of
at least the wafers 100 is completed.

Next, a first film-forming process of forming a TiHN film
which is a composite metal nitride film is performed by alter-
nately supplying TiCl, and TDEAHT{ onto the wafer 100. In
the first film-forming process, the following four steps are
sequentially performed.

[First Film-Forming Process (TiHfN Film-Forming Pro-
cess)|

<Step S105>

In step S105, TiCl, (first source) is supplied into the pro-
cess chamber 101. Specifically, the valves 2334 and 2934 of
the gas supply pipe 2324 are opened, and TiCl,, gas is supplied
via the vaporizer 270d and the gas filter 2814 into the gas
supply pipe 232d. The flow rate of the TiCl, gas supplied into
the gas supply pipe 232d is adjusted by the LMFC 295d. The
TiCl, gas, the flow rate of which is adjusted, is supplied from
the gas supply pipe 2324 via the gas introduction port 110
onto the wafer 100 in the process chamber 101, and exhausted
from the exhaust port 161. At the same time, the valve 272d is
opened to supply N, gas as an inert gas into the inert gas
supply pipe 271d. The flow rate of the N, gas flowing in the
inert gas supply pipe 271d is adjusted by the MFC 273d. The
N, gas, the flow rate of which is adjusted, is supplied into the
process chamber 101 together with the TiCl, gas, and
exhausted from the exhaust port 161. Also, the valve 233a
may be opened to supply N, gas as an inert gas from the gas
supply pipe 232a. The valve 233g may be opened to supply
N, gas as an inert gas from the gas supply pipe 232g.

In this case, the APC valve 162 is appropriately adjusted to
set the pressure in the process chamber 101 to be within a
range of, for example, 20 to 1,330 Pa. The supply flow rate of
the TiCl, gas controlled by the LMFC 295d is set to be within,
for example, a range of 10 to 100 ccm. A duration for which
the wafer 100 is exposed to the TiCl, gas, i.e., a gas supply
time (gas irradiation time), is set to be within, for example, a
range of 0.01 to 300 seconds. In this case, the temperature of
the heater 106 is set such that the temperature of the water 100
falls within, for example, a range of 100 to 400° C., preferably
200 to 400° C., and more preferably 240 to 350° C. The flow
rate of N, gas supplied as an inert gas at the same time with the
TiCl, gas is set to be within a range of, for example, 0 to 200
ccm. By supplying the TiCl, gas, for example, a titanium-
containing layer having a thickness of less than one atomic
layer to several atomic layers is formed on the wafer 100.

<Step S106>

In step S106, the valve 2334 is closed, and the supply of
TiCl, gas into the process chamber 101 is stopped. In this
case, the inside of the process chamber 101 is vacuum-ex-
hausted by the vacuum pump 164 while the APC valve 162 is
open, thereby eliminating the TiCl, gas (that does not react or
that has contributed to the formation of the titanium-contain-
ing layer) remaining in the process chamber 101 from the
process chamber 101. In this case, N, gas is supplied into the
process chamber 101 while the valve 233a or the valve 233¢
is open (or by opening the valve 233a or the valve 233g). The
N, gas acts as a purge gas to increase the effect of eliminating
the TiCl, gas (that does not react or that has contributed to the
formation of the titanium-containing layer) remaining in the
process chamber 101 from the process chamber 101. The
process chamber 101 may be purged by supplying the N, gas
at a flow rate of, for example, 200 ccm, for example, for 1 to
60 seconds.

5

10

15

20

25

30

35

40

45

50

55

60

65

14

In this case, the gas remaining in the process chamber 101
may not be completely eliminated and the inside of the pro-
cess chamber 101 may not be completely purged. When a
small amount of gas remains in the process chamber 101, step
S107 to be performed thereafter will not be badly influenced
by the gas. In this case, the flow rate of the N, gas to be
supplied into the process chamber 101 need not be high. For
example, the inside of the process chamber 101 may be
purged without causing step S107 to be badly influenced by
the gas by supplying an amount of a gas corresponding to the
capacity of the process chamber 101. As described above,
when the inside of the process chamber 101 is not completely
purged, a purge time may be reduced to improve the through-
put. Furthermore, the consumption of the N, gas may be
suppressed to a necessary minimum level.

<Step S107>

Instep S107, TDEAHT (second source) is supplied into the
process chamber 101. Specifically, the valves 233e¢ and 293¢
of the gas supply pipe 232¢ are opened, and TDEAHT gas is
supplied via the vaporizer 270e and the gas filter 281e into the
gas supply pipe 232¢. The flow rate of the TDEAH{f gas
flowing in the gas supply pipe 232¢ is adjusted by the LMFC
295¢. The TDEAHT{ gas, the flow rate of which is adjusted, is
supplied from the gas supply pipe 232¢ via the gas introduc-
tion port 110 onto the wafer 100 in the process chamber 101,
and exhausted from the exhaust port 161. At the same time,
the valve 272¢ is opened to supply N, gas as an inert gas into
the inert gas supply pipe 271e. The flow rate of the N, gas
flowing in the inert gas supply pipe 271e is adjusted by the
MFC 273e. The N, gas, the flow rate of which is adjusted, is
supplied into the process chamber 101 together with the
TDEAHf{ gas, and exhausted from the exhaust port 161. Also,
the valve 2334 may be opened to supply N, gas as an inert gas
from the gas supply pipe 2324. The valve 233g may be opened
to supply N, gas as an inert gas from the gas supply pipe 232g.

In this case, the APC valve 162 is appropriately adjusted to
set the pressure in the process chamber 101 to be within a
range of, for example, 20 to 1,330 Pa. The supply flow rate of
the TDEAHT gas controlled by the LMFC 295¢ is set to be
within, for example, a range of 10 to 100 ccm. A duration for
which the wafer 100 is exposed to the TDEAH{ gas, i.e., a gas
supply time (gas irradiation time), is set to be within, for
example, a range of 0.01 to 300 seconds. In this case, the
temperature of the heater 106 is set such that the temperature
of the wafer 100 falls within, for example, a range of 100 to
400° C., preferably 200 to 400° C., and more preferably 240
to 350° C. The flow rate of N, gas supplied as an inert gas at
the same time with the TDEAH{ gas is set to be within a range
of, for example, 0 to 200 ccm. The TDEAH{ gas supplied into
the process chamber 101 reacts with at least a portion of the
titanium-containing layer formed on the wafer 100 in step
S105. Thus, a TiHfN layer containing titanium, hafnium, and
nitrogen is formed. Specifically, chlorine (a halogen element)
of the titanium-containing layer is removed due to a reaction
of chlorine with an ethyl group contained in a ligand of an
amino group contained in the TDEAH{ gas, and hafnium
contained in the TDEAH{ gas and nitride are combined with
titanium contained in the titanium-containing layer from
which chlorine is removed, thereby forming a titanium
hafnium nitride layer.

<Step S108>

In step S108, the valve 233e is closed to stop the supply of
the TDEAHT gas into the process chamber 101. In this case,
the inside of the process chamber 101 is vacuum-exhausted
by the vacuum pump 164 while the APC valve 162 is open,
thereby eliminating the TDEAHT gas, which does not react or
has contributed to the formation of the layer containing alu-
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minum and carbon, remaining in the process chamber 101
from the process chamber 101. Also, N, gas is continuously
supplied as an inert gas into the process chamber 101 while
the valve 233a or the valve 233g is open (or by opening the
valve 233a or the valve 233g). The N, gas acts as a purge gas
to increase the effect of eliminating the TDEAHT gas (that
does not react or that has contributed to the formation of the
HfN-containing layer) remaining in the process chamber 101
from the process chamber 101. The process chamber 101 may
be purged by supplying the N, gas at a flow rate of, for
example, 200 ccm, for example, for 1 to 60 seconds.

In this case, the gas remaining in the process chamber 101
may not be completely eliminated and the inside of the pro-
cess chamber 101 may not be completely purged. When a
small amount of gas remains in the process chamber 101,
steps to be performed thereafter will not be badly influenced
by the gas. In this case, the flow rate of the N, gas to be
supplied into the process chamber 101 need not be high. For
example, the inside of the process chamber 101 may be
purged without causing the next step to be badly influenced
by the gas by supplying an amount of a gas corresponding to
the capacity of the process chamber 101. As described above,
when the inside of'the process chamber 101 is not completely
purged, a purge time may be reduced to improve the through-
put. Furthermore, the consumption of the N, gas may be
suppressed to a necessary minimum level.

<Step S109>

By performing a cycle including the above-described steps
S105 through S108 at least once [step S109], a composite
metal nitride film containing titanium, hafnium, and nitrogen
(i.e., TiHAN film) is formed. Also, the above-described cycle
is preferably repeated a plurality of times. Thus, the TiHIN
film is formed to a predetermined layer thickness on the
high-k dielectric film formed on the wafer 100.

After forming the TiHIN film, the valve 2334 of the inert
gas supply pipe 2324 or the valve 233g of the inert gas supply
pipe 232gis openedto supply N, gas into the process chamber
101. The N, gas acts as a purge gas. Thus, the inside of the
process chamber 101 is purged with an inert gas, thereby
eliminating a gas remaining in the process chamber 101 from
the inside of the process chamber 101. Afterwards, a second
film-forming process is performed to form a TiN film as a cap
film on the TiHIN film. The second film-forming process is
performed in the process chamber 101 after the first film-
forming process.

[Second Film-Forming Process (TiN Film-Forming Pro-
cess)|

<Step S205>

In step S205, TiCl, (third source) is supplied into the pro-
cess chamber 101. Specifically, the valves 2334 and 2934 of
the gas supply pipe 232d are opened to supply TiCl, via the
vaporizer 2704 and the gas filter 2814 into the gas supply pipe
232d. The flow rate of the TiCl, gas flowing in the gas supply
pipe 2324 is adjusted by the LMFC 2954. The TiCl, gas, the
flow rate of which is adjusted, is supplied from the gas supply
pipe 232d via the gas introduction port 110 onto the water 100
in the process chamber 101, and exhausted from the exhaust
port 161. Atthe same time, the valve 272d is opened to supply
N, gas as an inert gas into the inert gas supply pipe 271d. The
flow rate of the N, gas flowing in the inert gas supply pipe
271d is adjusted by the MFC 273d. The N, gas, the flow rate
of'which is adjusted, is supplied into the process chamber 101
together with the TiCl, gas, and exhausted from the exhaust
port161. Also, the valve 233a may be opened to supply N, gas
as an inert gas from the gas supply pipe 232a. The valve 233¢
may be opened to supply N, gas as an inert gas from the gas
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In this case, the APC valve 162 is appropriately adjusted to
set the inside of the process chamber 101 to be within a range
of, for example, 20 to 1,330 Pa. The supply flow rate of TiCl,
gas controlled by the LMFC 2954 is set to be within a range
of, for example 10to 100 ccm. A duration for which the wafer
100 is exposed to TiCl,, i.e., a gas supply time (gas irradiation
time), is set to be within a range of, for example, 0.01 to 300
seconds. In this case, the temperature of the heater 106 is set
such that the temperature of the wafer 100 falls within, for
example, a range of 100to 400° C., preferably 200 to 400° C.,
and more preferably 240 to 350° C. The flow rate of N, gas
supplied as an inert gas at the same time with the TiCl, gas is
set to be within a range of, for example, 0 to 200 ccm. By
supplying the TiCl, gas, for example, a titanium-containing
layer having a thickness of less than one atomic layer to
several atomic layers is formed on the TiHfN film formed in
the first film-forming process.

<Step S206>

In step S206, the valve 233d is closed to stop the supply of
the TiCl, into the process chamber 101. In this case, the inside
of the process chamber 101 is vacuum-exhausted by the
vacuum pump 164 while the APC valve 162 is open, thereby
eliminating the TiCl, gas (that does not react or that has
contributed to the formation of the titanium-containing layer)
remaining in the process chamber 101 from the process
chamber 101. In this case, N, gas is continuously supplied as
an inert gas into the process chamber 101 while the valve
233a or the valve 233g is open (or by opening the valve 233a
or the valve 233g). The N, gas acts as a purge gas to increase
the effect of eliminating the TiCl, gas (that does not react or
that has contributed to the formation of the titanium-contain-
ing layer) remaining in the process chamber 101 from the
process chamber 101. The process chamber 101 may be
purged by supplying the N, gas at a flow rate of, for example,
200 ccm, for example, for 1 to 60 seconds.

In this case, the gas remaining in the process chamber 101
may not be completely eliminated and the inside of the pro-
cess chamber 101 may not be completely purged. When a
small amount of gas remains in the process chamber 101, step
S107 to be performed thereafter will not be badly influenced
by the gas. In this case, the flow rate of the N, gas to be
supplied into the process chamber 101 need not be high. For
example, the inside of the process chamber 101 may be
purged without causing step S107 to be badly influenced by
the gas by supplying an amount of a gas corresponding to the
capacity of the process chamber 101. As described above,
when the inside of the process chamber 101 is not completely
purged, a purge time may be reduced to improve the through-
put. Furthermore, the consumption of the N, gas may be
suppressed to a necessary minimum level.

<Step S207>

In step S207, NH; (fourth source) is supplied into the
process chamber 101. Specifically, the valve 2335 of the gas
supply pipe 2325 is opened to supply NH, gas into the gas
supply pipe 2325. The flow rate of the NH; gas flowing in the
gas supply pipe 2325 is adjusted by the MFC 2355. The NH,
gas, the flow rate of which is adjusted, is supplied from the gas
supply pipe 2325 via the gas introduction port 110 onto the
wafer 100 in the process chamber 101, and exhausted from
the exhaust port 161. Also, the valve 233a may be opened to
supply N, gas as an inert gas from the gas supply pipe 232a4.
The valve 233g may be opened to supply N, gas as an inert gas
from the gas supply pipe 232g.

In this case, the APC valve 162 is appropriately adjusted to
set the inside of the process chamber 101 to be within a range
of, for example, 20 to 1,330 Pa. The supply flow rate of the
NH; gas controlled by the MFC 2955 is set to be within, for
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example, a range of 10 to 200 sccm, and preferably a range of
100 to 200 sccm. A duration for which the wafer 100 is
exposed to the NH; gas, i.e., a gas supply time (gas irradiation
time), is set to be within, for example, a range 0f 0.01 to 300
seconds. In this case, the temperature of the heater 106 is set
such that the temperature of the wafer 100 falls within, for
example, a range of 100to 400° C., preferably 200 to 400° C.,
and more preferably 240 to 350° C. The flow rate of N, gas
supplied as an inert gas at the same time with the TiCl, gas is
set to be within a range of, for example, 0 to 200 ccm. The
NH, gas supplied into the process chamber 101 reacts with at
least a portion of the titanium-containing layer formed on the
watfer 100 in step S205. Thus, the titanium-containing layer is
nitrided to form a titanium nitride layer.

<Step S208>

In step S208, the valve 23354 is closed to stop the supply of
the NH, gas into the process chamber 101. In this case, the
inside of the process chamber 101 is vacuum-exhausted by
the vacuum pump 164 while the APC valve 162 is open,
thereby eliminating the NH, gas (that does not react or that
has contributed to the formation of the nitrogen-containing
layer) remaining in the process chamber 101 from the process
chamber 101. In this case, N, gas is continuously supplied
into the process chamber 101 while the valve 233a or the
valve 233g is open (or by opening the valve 2334 or the valve
233g). The N, gas acts as a purge gas to increase the effect of
eliminating the NH; gas (that does not react or that has con-
tributed to the formation of the nitrogen-containing layer)
remaining in the process chamber 101 from the process
chamber 101. The process chamber 101 may be purged by
supplying the N, gas at a flow rate of, for example, 200 ccm,
for example, for 1 to 60 seconds.

In this case, the gas remaining in the process chamber 101
may not be completely eliminated and the inside of the pro-
cess chamber 101 may not be completely purged. When a
small amount of gas remains in the process chamber 101,
steps to be performed thereafter will not be badly influenced
by the gas. In this case, the flow rate of the N, gas to be
supplied into the process chamber 101 need not be high. For
example, the inside of the process chamber 101 may be
purged without causing the next step to be badly influenced
by the gas by supplying an amount of a gas corresponding to
the capacity of the process chamber 101. As described above,
when the inside of'the process chamber 101 is not completely
purged, a purge time may be reduced to improve the through-
put. Furthermore, the consumption of the N, gas may be
suppressed to a necessary minimum level.

<Step S209>

By performing a cycle including the above-described steps
S205 through S208 at least once [step S209], a metal nitride
film containing titanium and nitrogen (i.e., a TiN film), may
be formed. Also, the above-described cycle is preferably
repeated a plurality of times. Thus, the TiN film is formed to
a predetermined layer thickness (for example, a thickness of
4 nm) on the TiHIN film formed on the wafer 100.

After forming the TiN film, the valve 233a of the inert gas
supply pipe 232a or the valve 233g of the inert gas supply pipe
232g is opened to supply N, gas into the process chamber
101. The N, gas acts as a purge gas. Thus, the inside of the
process chamber 101 is purged with an inert gas, thereby
eliminating a gas remaining in the process chamber 101 from
the inside of the process chamber 101. Thereafter, an atmo-
sphere in the process chamber 101 is replaced with the inert
gas, and the pressure in the process chamber 101 is adjusted
to a pressure of the transfer chamber 171.
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<Step S210>

Thereafter, the support stage 103 is moved downward to
open the gate valve 151, and the processed wafers 100 are
unloaded by the transfer robot 173 to the process container
102 [step S112].

FIG. 8 is a diagram illustrating an example of an effective
work function (eWF) of the titanium hafnium nitride (TiHfN)
film formed in the above-described process flow. In FIG. 8,
(1) illustrates the eWF of the titanium hafnium nitride film
when formation of a cap film is performed in situ, and (2)
illustrates the eWF of the titanium hafnium nitride film when
the formation of the cap film is not performed in situ. eWF
shown in FIG. 8 is a value which was obtained when HfO,
was used as a high-k dielectric film and includes eWF of a
dipole of a HfO,/Si0, interface. Also, a process temperature
(film-forming temperature) when eWF shown in FIG. 8 was
obtained was 330° C., a supply time of TiCl, per cycle was 2
seconds, and a supply time of TDEAHf was 10 seconds.
Referring to FIG. 8, it can be inferred that eWF of the titanium
hafnium nitride film when HfO, was used as the high-k
dielectric film was about 4.22 eV when a cap film was formed
as in case (1), and was about 4.25 eV when the cap film was
formed as in case (2). Although a small work function of less
than 4.5 eV is required for an NMOS-type transistor, it can be
seen that the titanium hafnium nitride film has a work func-
tion that meets the requirement.

The eWF of the titanium hafnium nitride film may be
adjusted by a composition ratio of a metal element contained
in the titanium hafnium nitride film. Specifically, a composi-
tion ratio of a metal element may be adjusted by adjusting a
process temperature (film-forming temperature) and a gas
supply time using a chemical vapor deposition (CVD) reac-
tion of TiCl, which is a source of the titanium hafnium nitride
film with TDEAHTf. Also, the CVD reaction includes a vapor
reaction and a surface reaction. Hereinafter, adjustment of the
composition ratio of the metal element contained in the tita-
nium hafnium nitride film will be described.

FIG. 9A illustrates a relationship between a process tem-
perature (film-forming temperature) and a composition ratio
when the titanium hafnium nitride film is formed. FIG. 9B
illustrates a composition ratio relative to a predetermined
process temperature (film-forming temperature) when the
titanium hafnium nitride film is formed. As shown in FIGS.
9A and 9B, composition ratio of titanium and hafnium are
varied according to a process temperature. Specifically, as the
process temperature increases, the content of titanium
decreases, and the content of hafnium increases. In this case,
composition ratio of other elements (carbon, nitrogen, and
chlorine) remaining in the titanium hafnium nitride film are
changed almost constantly. Titanium has a larger work func-
tion than hafnium. Thus, it may be inferred that as the process
temperature increases, the work function of the titanium
hafnium nitride film decreases.

As shown in FIG. 9A, when a process temperature ranges
from 330 to 350° C., variations in composition ratio of tita-
nium and hafnium become much larger than variations in
composition ratio of other elements. Accordingly, when the
work function of the titanium hafnium nitride film is adjusted,
afilm is preferably formed at a temperature ranging from 330
to 350° C.

FIG. 10A illustrates a relationship between a supply time
of TDEAHT per cycle and a composition ratio when the
titanium hafnium nitride film is formed. FIG. 10B illustrates
a relationship between a predetermined supply time of
TDEAHf{ per cycle and a composition ratio when the titanium
hafnium nitride film is formed. As shown in FIGS. 10A and
10B, composition ratio of titanium and hafhium vary accord-
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ing to the supply time of TDEAH{. Specifically, when the
supply time ranges from 10 to 30 seconds, as the supply time
increases, the content of titanium decreases, while the content
ofhafnium increases. Also, when the supply time ranges from
10 to 30 seconds, composition ratio of other elements (car-
bon, nitrogen, and chlorine) remaining in the titanium
hafnium nitride film are changed almost constantly. Since
titanium has a larger work function than hafnium as described
above, when the supply time of TDEAHfranges from 10 to 30
seconds, it may be inferred that as the supply time of TDEAHT
increases, the work function of the titanium hafnium nitride
film decreases. Also, when the composition ratios shown in
FIG. 10B are obtained, the supply time of TiCl, per cycle is 2
seconds.

In addition, when the supply time ranges from 10 to 30
seconds, composition ratio of other elements (carbon, nitro-
gen, and chlorine) remaining in the titanium hafnium nitride
film are changed almost constantly. Thus, when the work
function of the titanium hafnium nitride film is adjusted, the
supply time of TDEAHT{ is preferably adjusted in the range of
10 to 30 seconds.

According to the present embodiment, by alternately sup-
plying a first source containing a first metal element and a
halogen element and a second source containing a second
metal element different from the first metal element and an
amino group, a metal nitride film (composite metal nitride
film), a work function of which may be adjusted, may be
obtained. Integration problems (processibility, thermal stabil-
ity, and diffusion stability) occur when adopting a new mate-
rial for a conventional production line. However, since a
film-forming process according to the present embodiment is
based on a process of forming a titanium nitride film as a
conventional metal nitride film, the integration problems may
be avoided. Since a titanium nitride film has been formed as a
cap film on the titanium hafnium nitride film in situ, oxidation
resistance of the titanium hafnium nitride film may be
improved, and a rise in work function due to oxidation may be
prevented.

Second Embodiment

Hereinafter, a second embodiment will be described with
reference to FIGS. 11, 12, and 13. FIG. 11 is a diagram
illustrating a structure of a substrate processing apparatus
according to the present embodiment. Although the above-
described first embodiment has been described as an example
in which a first film-forming process and a second film-
forming process are continuously performed on a wafer 100
in a process chamber 101 [process container 102], the present
invention is not limited thereto. As shown in FIG. 11, a plu-
rality of process containers (process chambers) may be con-
nected to a transfer container 172, and the first film-forming
process and the second film-forming process may be per-
formed in respectively different process containers. This will
be described in detail below.

[Transfer Chamber]

As shown in FIGS. 11 and 12, a transfer container 171 has
a polygonal shape from a plan view. Preliminary chambers
922 and 923 and a first process module (PM, process cham-
ber) 1014, a second PM 1015, a third PM 101¢, and a fourth
PM 101d are respectively connected to the transfer container
171 via gates valves 151, 1515, 151¢, and 151d. Each of the
first, second, third, and fourth PMs 1014, 1015, 101c¢, and
101d functions as a process chamber. A transfer robot 173 for
carrying (transferring) the wafer 100 under a sub-atmo-
spheric pressure is installed using a flange 915 as a base
portion in a central portion of the transfer chamber 171. A
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robot rotation unit 916 is connected to the transfer robot 173
so that the transfer robot 173 can rotate.

[Preliminary Chamber]

A preliminary chamber 922 (loadlock module) for loading
the wafer 100 and a preliminary chamber 923 (loadlock mod-
ule) for unloading the wafer 100 are respectively connected
via gate valves 151f and 151e to a wall side of the transfer
container 172 to which the PM is not connected. Each of the
preliminary chambers 922 and 923 is configured to be
capable of resisting a sub-atmospheric pressure. Also, a sub-
strate placing stage 950 for loading the wafer 100 is installed
in the preliminary chamber 922, and a substrate placing stage
951 for unloading the wafer 100 is installed in the preliminary
chamber 923. Thus, the substrate placing stages 950 are con-
figured to retain the loaded/unloaded wafer 100 in the pre-
liminary chambers 922 and 923.

[Standby Transtfer Chambersl/O Stage]

A standby transfer chamber 921 (front end module) is
connected to front sides of the preliminary chamber 922 and
the preliminary chamber 923 via gate valves 928 and 929. The
standby transter chamber 921 is used under atmospheric pres-
sure.

An atmospheric transfer robot 924 for carrying the wafer
100 is installed in the atmospheric transfer chamber 921. As
shown in FIG. 12, the atmospheric transfer robot 924 is con-
figured to be capable of moving upward/downward due to an
elevator 926 installed in the atmospheric transfer chamber
921 and also to be capable of reciprocating in X1 and X2
directions due to a linear actuator 832.

As shown in FIG. 12, a clean unit 918 for supplying the
clean air is installed on the atmospheric transfer chamber 921.
As shown in FIG. 11, a device 906 (hereinafter referred to as
a pre-aligner) for aligning a direction of a notch or an orien-
tation flat formed in the wafer 100 is installed in the X2
direction of the atmospheric transfer chamber 921.

As shown in FIGS. 11 and 12, a substrate loading/unload-
ing port 934 and a pod opener 908 are installed in a side of a
Y1 direction of a housing 925 of the atmospheric transfer
chamber 921 to load/unload the wafer 100 into/from the
atmospheric transfer chamber 921. An /O stage 905 (load
port) is installed on the opposite side to the pod opener 908,
that is, outside the housing 925, via the substrate loading/
unloading port 934.

The pod opener 908 includes a closer 942 capable of open-
ing/closing a cap 900a of a pod 900 and blocking the substrate
loading/unloading port 934 and a driving mechanism 909
configured to drive the closer 942. The pod opener 908 opens/
closes the cap 900a of the pod 900 placed on the I/O stage 905
to open/close a substrate door so that the wafers 100 can be
loaded into/unloaded out of the pod 900.

[Process Module PM]

The gas supply pipe 232a, the gas supply pipe 2324, and
the gas supply pipe 232d shown in FIG. 2 are connected to the
first and third PMs installed in the transfer container 172, and
the first and third PMs are configured to perform the above-
described first film-forming process on the wafers 100. The
gas supply pipe 232g, the gas supply pipe 2324, and the gas
supply pipe 2325 shown in FIG. 2 are connected to the second
and fourth PMs, and the second and fourth PMs are config-
ured to perform the above-described second film-forming
process.

[Substrate Processing Process]

As shown in FIG. 13, during the processing (first batch) of
a first wafer 100, the first wafer 100 is transferred from the
preliminary chamber 922 to the first PM, and a first film-
forming process is performed in the first PM. When the first
film-forming process ends, the first wafer 100 is transferred to
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the second PM to perform a second film-forming process,
transferred to the preliminary chamber 923, and unloaded to
the standby transfer chamber. During the processing (second
batch) of a second wafer, the second wafer is transferred from
the preliminary chamber 922 to the third PM, and a first
film-forming process is performed in the third PM. When the
first film-forming process ends in the third PM, the second
wafer is transferred to a fourth PM to perform a second
film-forming process. When the second film-forming process
ends in the fourth PM, the second wafer is transferred from
the fourth PM to the preliminary chamber 923 and unloaded
to the standby transfer chamber. Similar to the first batch,
during the processing (third batch) of a third wafer, the third
wafer is sequentially transferred to the first and second PMs to
perform a first film-forming process and a second film-form-
ing process. Similar to the second batch, during the process-
ing (fourth batch) of a fourth wafer, the fourth wafer is
sequentially transferred to the third and fourth PMs to per-
form a first film-forming process and a second film-forming
process. As described above, an odd batch is sequentially
transferred to the first and second PMs to perform processing
processes, while an even batch is sequentially transferred to
the third and fourth PMs to perform processing processes. By
performing the first film-forming process and the second
film-forming process in respectively different process cham-
bers, a gas used in the first film-forming process may be
mixed with a gas used in the second film-forming process to
reduce a possibility of generating by-products. Also, even if
the first film-forming process and the second film-forming
process are performed by changing a temperature of the wafer
100 or a pressure in the process atmosphere, change of tem-
peratures or atmospheres may be accelerated to improve pro-
cessing throughput. Although the present embodiment has
been described as an example in which four process chambers
are installed, the present invention is not limited thereto. The
number of angles of a polygonal transfer container may be
increased and five or more process chambers may be
installed. Alternately, a plurality of process chambers may be
installed on one side of a polygonal transfer container.

Third Embodiment

Hereinafter, a third embodiment will be described with
reference to FIGS. 14 and 15. In the present embodiment, as
shown in FIG. 14, a plurality of wafers 100 are contained in a
process chamber divided into a plurality of sections. A struc-
ture of a process chamber 1202 which is a process furnace
according to the present embodiment will be mainly
described with reference to FIGS. 14 and 15. FIG. 14 is a
schematic cross-sectional view of a process furnace accord-
ing to the present embodiment. FIG. 15 is a schematic longi-
tudinal sectional view ofthe process furnace according to the
present embodiment, which is taken along line A-A' of the
process furnace shown in FIG. 14.

[Reaction Container]

As shown in FIGS. 14 and 15, a process chamber 1202
which is a process furnace includes a reaction container 1203
which is a cylindrical air-tight container. A process space
1207 (process chamber) of a substrate 100 is formed in the
reaction container 1203. Four boundary plates 1205 are
installed above the process space 1207 in the reaction con-
tainer 1203 and extend in a radial shape from a central portion
of'the process space 1207. The four boundary plates 1205 are
configured to divide the process space 1207 into a first pro-
cess region 1201a, a first purge region 1204aq, a second pro-
cessregion 12015, and a second purge region 12045. Also, the
first process region 1201a, the first purge region 1204q, the
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second process region 12015, and the second purge region
12045 are sequentially arranged in a direction in which a
susceptor 1217 (substrate placing stage) to be described later
rotates.

By rotating the susceptor 1217, the substrate 1200 placed
on the susceptor 1217 is sequentially moved to the first pro-
cess region 1201a, the first purge region 1204q, the second
process region 12015, and the second purge region 120456. A
first process gas is supplied into the first process region
1201a, a second process gas is supplied into the second pro-
cess region 12015, and an inert gas is supplied into the first
purge region 1204a and the second purge region 12045. Thus,
by rotating the susceptor 1217, the first process gas, the inert
gas, the second process gas, and inert gas are sequentially
supplied onto the substrate 100.

A gap having a predetermined width is installed between
an end portion of the boundary plate 1205 and a sidewall of
the reaction container 1203 and configured to allow gases to
pass therethrough. By jetting an inert gas from the inside of
the first purge region 12044 and the inside of the second purge
region 120456 toward the inside of the first process region
12014 and the inside of the second process region 12015 via
the gap, intrusion of process gases into the first purge region
12044 and the second purge region 12045 may be inhibited,
and a reaction of the process gases may be prevented.

Although each of angles between the boundary plates 1205
is set to be 90° C. in the present embodiment, the present
invention is limited thereto. That is, each of the angles
between the boundary plates 1205 may be appropriately
changed in consideration of durations for which various gases
are supplied to the substrate 100. For example, an angle
between two boundary plates 1205 forming the second pro-
cess region 12015 may be increased.

Inaddition, although each of the process regions 1201a and
12015 has been divided into the boundary plates 1205, the
present invention is not limited thereto, and each of the pro-
cess regions 1201a and 12015 may be configured not to mix
gases supplied to the respective process regions 1201a and
12015.

[Susceptor]

As shown in FIGS. 14 and 15, a susceptor 1217 which is a
substrate support unit is installed below the boundary plate
1205, that is, in the center of a bottom portion of the reaction
container 1203. A center of a rotation axis of the susceptor
1217 is disposed in the center of the reaction container 1203,
and the susceptor 1217 is configured to be capable of rotating.
The susceptor 1217 is formed of a non-metal material, for
example, aluminum nitride (AIN), ceramics, quartz, etc. to
reduce contamination of the substrate 1200 with metals. Also,
the susceptor 1217 is electrically insulated from the reaction
container 1203.

The susceptor 1217 is configured to support a plurality of
substrates 100 (for example, five substrates 100 in the present
embodiment) arranged on the same plane surface or the same
circumference in the reaction container 1203. Here, the same
plane surface is not limited to the completely same plane.
When the susceptor 1217 is seen from a top view, a plurality
of substrates 100 may be arranged not to overlap one another
as shown in FIGS. 13 and 14.

Substrate placing portions 12175 are installed in a concen-
tric circular shape in a support position of the substrate 100 on
the surface of the susceptor 1217 to correspond to the number
of substrates 100 to be processed. For example, each of the
substrate placing portions 12175 may have a circular shape
from a top view and have a concave shape from a side view. In
this case, each of the substrate placing portions 12175 is
preferably configured to have a diameter slightly larger than
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the diameter of the substrate 100. By placing the substrate 100
in the corresponding one of the substrate placing portions
12175, determination of a position of the substrate 100 may
be easily performed. Positional deviation may be prevented
from occurring due to a case in which the substrate 100
protrudes from the susceptor 1217 due to centrifugal force
caused by the rotation of the susceptor 1217.

As shown in FIG. 15, an elevating mechanism 1268 for
moving the susceptor 1217 upward/downward is installed at
the susceptor 1217. A plurality of through holes 12174 are
installed in the susceptor 1217. A plurality of substrate elevat-
ing pins 1266 are installed on a bottom surface of the above-
described reaction container 1203 to move the substrate 100
upward/downward and support the rear surface of the sub-
strate 100 during the loading/unloading of the substrate 100
into/from the reaction container 1203. When the substrate
elevating pins 1266 are moved upward or moved downward
by the elevating mechanism 1268, the through holes 12174
and the substrate elevating pins 1266 are disposed to pass
through the through holes 1217a while the substrate elevating
pins 1266 are not in contact with the susceptor 1217.

A rotating mechanism 1267 is installed at the elevating
mechanism 1268 to rotate the susceptor 1217. A rotation axis
(not shown) of the rotating mechanism 1267 is connected to
the susceptor 1217. The rotating mechanism 1267 is operated
to rotate the susceptor 1217. A control unit 300 is connected
to the rotating mechanism 1267 via a coupling unit 1267a.
The coupling unit 1267a is configured as a slip ring mecha-
nism in which a rotation side and a fixing side are electrically
connected by a metal brush or the like. Thus, rotation of the
susceptor 1217 is not hindered. The control unit 300 is con-
figured to control an amount of current supplied to the rotat-
ing mechanism 1267 so that the susceptor 1217 can rotate at
predetermined speed for a predetermined time. As described
above, by rotating the susceptor 1217, the substrate 100
placed on the susceptor 1217 is sequentially moved to the first
process region 12014, the first purge region 1204a, the second
process region 12015, and the second purge region 12045.

[Heating Unit]

Aheater 1218 which is a heating unit is integrally buried in
the susceptor 1217 and configured to heat the substrate 100.
When power is supplied to the heater 1218, the surface of the
substrate 100 is heated to a predetermined temperature (for
example, room temperature to a temperature of about 1,000°
C.). Also, a plurality of heaters 1218 (for example, five heat-
ers) may be installed on the same plane to individually heat
the respective substrates 100 placed on the susceptor 1217.

A temperature sensor 1274 is installed at the susceptor
1217. A temperature adjustor 1223, a power adjustor 1224,
and a heater power source 1225 are electrically connected to
the heater 1218 and the temperature sensor 1274 via a power
supply line 1222. An amount of current supplied to the heater
1218 is controlled based on temperature information detected
by the temperature sensor 1274.

[Gas Supply Unit]

A gas supply unit 1250 including a first process gas intro-
duction unit 1251, a second process gas introduction unit
1252, an inert gas introduction unit 1253, and a cleaning gas
introduction unit 1258 may be installed above the reaction
container 1203. The gas supply unit 1250 may be air-tightly
installed at an opening formed at an upper side of the reaction
container 1203. A first gas jet port 1254 is installed in a
sidewall of the first process gas introduction unit 1251. A
second gas jet port 1255 is installed in a sidewall of the second
process gas introduction unit 1252. A first inert gas jet port
1256 and a second inert gas jet port 1257 are installed in a
sidewall of the inert gas introduction unit 1253 opposite each
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other. A cleaning gas supply hole 1259 which is an end
portion of the cleaning gas introduction unit 1258 is installed
in a bottom surface of the gas supply unit 1250. That is, the
cleaning gas supply hole 1259 is installed at a lower level than
the first gas jet port 1254, the second gas jet port 1255, and the
inert gas jet ports 1256 and 1257.

The gas supply unit 1250 is configured to supply a first
process gas from the first process gas introduction unit 1251
into the first process region 1201a, supply a second process
gas from the second process gas introduction unit 1252 into
the second process region 12015, and supply an inert gas from
the inert gas introduction unit 1253 into the first purge region
12044 and the second purge region 12045. The gas supply
unit 1250 may not mix respective process gases and the inert
gas but individually supply the respective process gases and
the inert gas into respective regions. Also, the gas supply unit
1250 may concurrently supply the respective process gases
and the inert gas into the respective regions.

Here, TiCl, which is a first source described in the first
embodiment is used as the first process gas, and TDEAHTf
which is a second source described in the first embodiment is
used as the second process gas. Accordingly, a substrate is
sequentially exposed to TiCl,, an inert gas, TDEAHT, and the
inert gas by rotating the susceptor 1217, and the first film-
forming process according to the first embodiment may be
performed. A composite metal nitride film may be formed by
performing rotation of the susceptor 1217 a predetermined
number of times. After the rotation of the susceptor 1217 the
predetermined number of times, the susceptor 1217 may be
rotated by supplying TiCl, into the first process region 1201a
and supplying NH; gas into the second process region 12015
to sequentially expose the wafer 100 to TiCl,, an inert gas,
NH,;, and the inert gas, and the second film-forming process
according to the first embodiment may be performed. Due to
the structure described above, a process gas supply time and
apurge time may be reduced to improve the process through-
put. Also, the present embodiment has been described as an
example in which gases supplied into the first process region
1201a and the second process region 12015 are switched
between the first film-forming process and the second film-
forming process, but the present invention is not limited
thereto. As in the second embodiment, a plurality of process
chambers 1202 may be installed, and respectively different
processes may be performed in the respective process cham-
bers 1202.

Fourth Embodiment

Hereinafter, a fourth embodiment will be described with
reference to FIGS. 16 and 17. In the present embodiment, as
shown in FIG. 16, the processing of a plurality of wafers 100
is performed while the wafers 100 are stacked.

[Process Chamber]

A process furnace 402 is disposed in a longitudinal direc-
tion such that a central line of the process furnace 402 is
vertical. The process furnace 402 includes a longitudinal
process tube 405 as a reaction tube fixedly supported by a
housing (not shown). The process tube 405 includes an inner
tube 404 and an outer tube 403. Each of the inner tube 404 and
the outer tube 403 is formed in a single-bodied cylindrical
shape using a high heat-resistant material, for example,
quartz (Si0O,), silicon carbide (SiC), or a compound material
thereof.

The inner tube 404 has a cylindrical shape, an upper end of
which is closed and a lower end of which is open. A process
chamber 401 is formed in the inner tube 404 and configured to
accommodate wafers 100 such that the wafers 100 are stacked
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in a horizontal posture in multiple stages using a boat 417
which is a substrate retainer. A lower end opening of the inner
tube 404 constitutes a furnace port through which the boat
417 configured to retain a group of wafers 100 is loaded/
unloaded. Accordingly, an inner diameter of the inner tube
404 is set to be greater than the maximum outer diameter of
the boat 417 configured to retain the group of wafers 100. A
portion ofthe outer tube 403 has a circular concentric shape as
the inner tube 404. The outer tube 403 has a greater inner
diameter than the inner tube 404 and a cylindrical shape
having a closed upper end and an open lower end. The outer
tube 403 is coated to surround an outer side of the inner tube
404 in a circular concentric shape with the inner tube 404. A
lower end portion of the outer tube 403 is installed on a flange
409q disposed on a manifold 409 via an O-ring (not shown),
and air-tightly encapsulated by the O-ring. A lower end por-
tion of the inner tube 404 is mounted on an inner circular ring
portion 40956. The manifold 409 is installed to be capable of
being attached to or detached from the inner tube 404 and the
outer tube 403 to perform a maintenance operation or clean-
ing operation on the inner tube 404 and the outer tube 403.
The manifold 409 is supported by a housing (not shown) so
that the process tube 405 can be vertically installed. Herein-
after, in some cases, a space formed in the outer tube 405 may
be referred to as the process chamber 401.

[Exhaust Unit]

An exhaust pipe 431 is connected to a portion of a sidewall
of the manifold 409 to exhaust an atmosphere in the process
chamber 401. An exhaust port for exhausting the atmosphere
in the process chamber 401 is formed at a connection portion
between the manifold 409 and the exhaust pipe 431. The
inside of the exhaust pipe 431 is in communication with an
exhaust path including a gap between the inner tube 404 and
the outer tube 403 via the exhaust port. Also, a cross-sectional
shape of the exhaust path is a roughly circular ring shape.
Thus, the atmosphere in the process chamber 401 may be
uniformly exhausted from an upper end of an exhaust hole
404a to be described later formed in the inner tube 404 to a
lower end thereof. That is, the atmosphere may be uniformly
exhausted from all of a plurality of wafers 100 placed in the
boat 417. A pressure sensor 445, an APC valve 431a which is
a pressure adjustor, and a vacuum pump 431c¢ which is a
vacuum exhaust device are sequentially installed at the
exhaust pipe 431 from an upstream direction. The vacuum
pump 431c is configured such that the inside of the process
chamber 401 is vacuum-exhausted to have a desired pressure
(degree of vacuum). A controller 300 is electrically connected
to the APC valve 431a and the pressure sensor 445. The
controller 300 is configured to control an opening rate of the
APC valve 431a based on pressure detected by the pressure
sensor 445 such that the inside of the process chamber 401 has
a desired pressure at a desired timing. An exhaust unit (ex-
haust system) according to the present embodiment is mainly
configured by the exhaust pipe 431, the pressure sensor 445,
and the APC valve 431a. The exhaust unit may further include
the vacuum pump 431c¢. Also, a trap apparatus configured to
trap reaction by-products of an exhaust gas or unreacted
source gases or a harm-removing apparatus for removing
corrosive components or toxic components contained in the
exhaust gas may be connected to the exhaust pipe 431. In this
case, the exhaust unit may further include the trap apparatus
or the harm-removing apparatus.

[Substrate Retainer]

A seal cap 419 for closing the lower end opening of the
manifold 409 comes in contact with the manifold 409 from a
lower side in a vertical direction. The seal cap 419 for block-
ing a lower end opening of the manifold 409 comes in contact
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with the manifold 409 from a lower side in a vertical direc-
tion. The seal cap 419 has a disk shape having an outer
diameter equal to or greater than the outer diameter of the
outer tube 403. The seal cap 419 is vertically moved in a
horizontal posture by a boat elevator 415 to be described later
vertically installed outside the process tube 405.

A boat 417 which is a substrate retaining member serving
as a substrate retaining means (substrate retainer) for retain-
ing the wafer 400 is vertically erected and supported on the
seal cap 419. The boat 417 includes a pair of upper and lower
end plates 417¢ and a plurality of retaining members 417a
vertically installed between the end plates 417¢. The end
plates 417¢ and the retaining member 417a are formed of a
heat-resistant material, for example, quartz (Si0,), silicon
carbide (SiC), or a compound material thereof. A plurality of
retaining grooves 4176 are installed in each of the retaining
members 417a at regular intervals in a lengthwise direction.
By respectively inserting circular peripheral edges of the
wafers 100 into the retaining grooves 4175 disposed in the
same stage in the plurality of retaining members 417a, the
plurality of wafers 100 are stacked and retained in a horizon-
tal posture in multiple stages while centers thereof are
adjusted.

A pair of upper and lower subsidiary end plates 4174 are
installed between the boat 417 and the seal cap 419 and
supported by a plurality of subsidiary retaining members 418.
A plurality of retaining grooves are installed in each of the
subsidiary retaining members 418. A plurality of adiabatic
plates 416, each of which has a disk shape formed of a
heat-resistant material, for example, quartz (SiO,) or silicon
carbide (SiC), are loaded in a horizontal posture and in mul-
tiple stages in the retaining grooves. The adiabatic plates 416
are configured to prevent transmission of heat from a heater
unit 407 which will be described below to a side of the
manifold 409. Also, the adiabatic plates 416 are configured to
inhibit a drop in temperature below the plurality of wafers 100
placed in the boat 417.

A rotating mechanism 467 that rotates the boat 417 is
installed at a side of the seal cap 419 opposite to the process
chamber 401. A rotation axis of the rotating mechanism 467
passes through the seal cap 419 and supports the boat 417
from below. The rotating mechanism 467 may rotate the
watfer 100 in the process chamber 401 by rotating the rotation
axis 455. The seal cap 419 is configured to be vertically
moved by a boat elevator 415 which is a transfer means
(transfer mechanism) so that the boat 417 can be loaded
into/unloaded from the process chamber 401.

[Heater Unit]

A heater unit 407 which is a heating means (heating mecha-
nism) is installed outside the outer tube 403 to surround the
heater unit 407. The heater unit 407 heats the entire inside of
the process tube 405 to have a uniform or predetermined
temperature distribution. The heater unit 407 is supported by
a housing (not shown) of the substrate processing apparatus
and vertically installed. For example, the heater unit 407 is
configured as a resistive heater, for example, a carbon heater
or the like. A temperature sensor 469 which is a temperature
detector is installed in the process tube 405. A heating unit
(heating system) according to the present embodiment is
mainly configured by the heater unit 407 and the temperature
sensor 469.

[Gas Supply Unit]

A preliminary chamber 401a having a channel shape is
formed in a sidewall of the inner tube 404 [in a position which
is 180° opposite to an exhaust hole 404a which will be
described below]. The preliminary chamber 401a protrudes
outward in a radial direction of the inner tube 404 from the
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sidewall of the inner tube 404 and extends long in a vertical
direction. A sidewall of the preliminary chamber 401a con-
stitutes a portion of the sidewall of the inner tube 404. Also, an
inner wall of the preliminary chamber 4014 forms a portion of
an inner wall of the process chamber 401. Nozzles 249a,
2495, 249d, 249¢, and 249¢g for supplying gases into the
process chamber 401 are installed in the preliminary chamber
401a. The nozzles 249a, 249b, 249d, 249¢, and 249g for
supplying gases into the process chamber 401 are installed in
the preliminary chamber 4014, and extend along an inner wall
of the preliminary chamber 401a [i.e., inner wall of the pro-
cess chamber 401] from a lower portion of the inner wall of
the preliminary chamber 401a to an upper portion thereof in
a direction in which the wafers 100 are stacked. The nozzles
249q,249b,249d, 249¢, and 249¢ are installed along a wafer
arrangement region in which the wafers 100 are arranged, in
a region horizontally surrounding the wafer arrangement
region, beside the wafer arrangement region. The nozzles
249q,249b,249d, 249¢, and 249¢ are configured as [.-shaped
long nozzles. A horizontal portion of each of the nozzles
249q, 2495, 249d, 249¢, and 249¢ is installed through the
manifold 409, and a vertical portion thereof is installed to rise
at least from one end side of the wafer arrangement region to
the other end side thereof. Although one nozzle is illustrated
in FIG. 16 for brevity, five nozzles 249a, 2495, 2494, 249e,
and 249¢ are actually installed as shown in FIG. 17. A plu-
rality of gas supply holes 450a, 45056, 4504, 450¢, and 450g
may be respectively installed in side surfaces of the nozzles
249q, 249b, 249d, 249¢, and 249g. The gas supply holes
450a, 4505, 4504, 450¢, and 450g are installed from a lower
portion to an upper portion thereof to have the same opening
area or gradually increasing opening areas at the same open-
ing pitch.

End portions of horizontal portions of the nozzles 249a,
2495, 249d, 249¢, and 249¢g formed through the manifold 409
are respectively connected to gas supply pipes 232a, 2325,
232d, 232e, and 232g (similar to those described with refer-
ence to FIG. 2), which are gas supply lines, outside the pro-
cess tube 405. That is, an inert gas may be supplied from the
nozzles 249a and 249g, NH, gas may be supplied as a fourth
source gas from the nozzle 2495, TiCl, may be supplied as
first and third sources from the nozzle 2494, and TDEAH{ gas
may be supplied as a second source from the nozzle 249e.
Also, as shown in FIG. 17, the nozzles 249a and 249g are
preferably disposed via other nozzles. Due to the above-
described disposition, process uniformity of the wafer 100
may be improved.

A method of supplying gases according to the present
embodiment includes transferring gases via the nozzles 249a,
249b, 249d, 249¢, and 249g disposed in the preliminary
chamber 4014 and firstly jetting gases into the vicinity of the
wafer 100 in the inner tube 404 from the gas supply holes
450a, 4505, 4504, 450e, and 450¢g respectively formed in the
nozzles 249a, 2495, 2494, 249¢, and 249g.

An exhaust hole 404a which is, for example, a slit-shaped
through hole is installed to be thin and long in a vertical
direction in the sidewall of the inner tube 404 opposite to the
nozzles 249a, 2495, 249d, 249¢, and 249¢ [i.e., in a position
which is 180° opposite to the preliminary chamber 401a]. The
process chamber 401 is in communication with an exhaust
path 406 including a gap formed between the inner tube 404
and the outer tube 403 via the exhaust hole 404a. Accord-
ingly, gases supplied from the gas supply holes 450a, 4505,
450d, 450e, and 450g of the nozzles 2494, 2495, 2494, 249e,
and 249g into the process chamber 401 are supplied into the
exhaust path 406 via the exhaust hole 404q, supplied into the
exhaust pipe 431 via an exhaust port, and discharged out of

30

40

45

28

the process furnace 402. In this case, the gases supplied from
the gas supply ports 450a, 4505, 450d, 450¢, and 450g into
the vicinity of the wafer 100 in the process chamber 401 are
supplied in a horizontal direction, that is, a direction parallel
to the surface of the wafer 100, and supplied into the exhaust
path 406 via the exhaust hole 404qa. That is, a main flow of the
gases in the process chamber 401 is in the horizontal direc-
tion, that is, the direction parallel to the surface of the wafer
100. Due to the above-described configuration, gases may be
uniformly supplied onto the respective wafers 100 so that
thicknesses of thin films formed on the respective wafers 100
can be uniformized. Furthermore, the exhaust hole 4044 is not
limited to including a slit-shaped through hole but may
include a plurality of holes.

[Substrate Processing Process]

A substrate processing process is the same as in the process
flow of the first embodiment. Initially, when a plurality of
wafers 100 are charged in the boat 417 (wafer charging) [refer
to step S101 in FIG. 6], as shown in FIG. 16, the boat 417
configured to support the plurality of wafers 100 are lifted by
the boat elevator 415 and loaded into the process chamber 401
(boat loading) [refer to step S102 in FIG. 6]. In this state, the
seal cap 419 air-tightly closes a bottom end of the manifold
409.

The inside of the process chamber 401 is vacuum-ex-
hausted to have a desired pressure (degree of vacuum) by the
vacuum pump 431c. In this case, the pressure in the process
chamber 401 is measured by the pressure sensor 445, and the
APC valve 431a is feedback-controlled based on the mea-
sured pressure (pressure control) [refer to step S103 in FIG.
6]. Also, the inside of the process chamber 401 is heated by
the heater unit 407 to have a desired temperature. In this case,
an amount of current supplied to the heater unit 407 is feed-
back-controlled based on temperature information detected
by the temperature sensor 469, so that the inside of the process
chamber 401 may have a desired temperature distribution
(temperature control) [refer to step S103 in FIG. 6]. Subse-
quently, the wafers 100 are rotated by rotating the boat 417
using the rotating mechanism 467.

The vacuum pump 431c¢ is continuously operated at least
until the processing of the wafers 100 is completed. The
inside of the process chamber 401 is heated by the heater unit
407 to have a desired temperature. In this case, an amount of
current supplied into the heater unit 407 is feedback-con-
trolled based on temperature information detected by the
temperature sensor 469 such that the inside of the process
chamber 401 has a desired temperature distribution (tempera-
ture control). The heating of the inside of the process chamber
401 by the heater unit 407 is continuously performed at least
until the processing of the wafers 100 is completed. Then,
rotation of the boat 417 and the wafers 100 begins by the
rotating mechanism 467. Also, the rotation of the boat 417
and the wafers 100 by the rotating mechanism 467 is continu-
ously performed at least until the processing of the wafers 100
is completed.

Next, a first film-forming process of supplying TiCl, and
TDEAHf{ into the process chamber 401 to form a TiHfN film
as a composite metal nitride film and a second film-forming
process of forming a TiN film as a metal nitride film (cap film)
are sequentially performed. Since the first film process and
the second film-forming process are the same as in the first
embodiment, a description thereof is omitted.

Fifth Embodiment

Hereinafter, a fifth embodiment will be described with
reference to FIGS. 1 through 3 and FIGS. 18 through 22. FIG.
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18 is a process flowchart illustrating an example of a film-
forming process in a process flow according to the present
embodiment. FIG. 19A is a diagram illustrating gas supply
timing in the third film-forming process shown in FIG. 18,
and FIG. 19B is a diagram illustrating gas supply timing in the
fourth film-forming process shown in FIG. 18.

The first embodiment has been described as an example in
which a titanium hafnium nitride (TiHN) film which is a
composite metal nitride film is formed as a gate electrode and
a titanium nitride (TiN) film which is a metal nitride film is
formed as a cap layer using the substrate processing apparatus
shown in FIGS. 1 through 3. However, unlike in the first
embodiment, the present embodiment will be described as an
example in which a titanium aluminum carbide (TiAlC) film
which is a metal carbide film (transition metal carbide film) is
formed as a gate electrode, and the same titanium nitride film
asinthe firstembodiment is formed as the cap film. A detailed
description of the same components as in the first embodi-
ment is omitted.

As in the first embodiment, an inert gas may be supplied
from the nozzles 249a and 249g, NH, gas may be supplied as
a fourth source gas from the nozzle 2495, and TiCl, gas may
be supplied as the first and third sources from the nozzle 2494.
However, in the present embodiment, an aluminum source
gas (i.e., an aluminum-containing gas) is supplied as a second
source (e.g., a second source gas which is a metal-containing
gas) from the nozzle 249e¢ into the process chamber 101 via
the LMFC 295¢, the vaporizer 270e, and the gas filter 281e.
For example, trimethylaluminum (Al(CH,);, abbreviated as:
TMA) may be used as the aluminum-containing gas. TMA is
in a liquid state in normal temperature and pressure. TMA is
stored in the liquid state as the second source (second liquid
source) in the liquid source supply tank 291e.

In the substrate processing process, since the substrate
loading process S301, the substrate placing process S302, the
pressure adjusting process S303, the temperature adjusting
process S304, the second film-forming process [step S405,
step S406, step S407, step S408, and step S409], and the
substrate unloading process S410 according to the present
embodiment are the same as the substrate loading process
S101, the substrate placing process S102, the pressure adjust-
ing process S103, the temperature adjusting process S104, the
second film-forming process [step S205, step S206, step
S207, step S208, and step S209], and the substrate unloading
process S210 according to the first embodiment, a description
thereof is omitted. Hereinafter, the first film-forming process
will be described.

After the temperature adjusting process (S304), a first film-
forming process (transition metal carbide film-forming pro-
cess) of supplying TiCl, gas and TM A gas onto the wafer 100
to form a titanium aluminum carbide (TiAIC) film as a con-
ductive film is performed. In the first film-forming process,
the following four steps are sequentially performed.

[First Film-Forming Process|

<Step S305>

In step S305 (refer to a first process, a transition metal
source supply process, and TiCl, supply process in FIGS. 18
and 19), TiCl, gas is initially supplied. The valve 2334 of the
gas supply pipe 2324 is opened to supply the TiCl, gas via the
vaporizer 2704 and the gas filter 2814 into the gas supply pipe
232d. The flow rate of the TiCl, gas supplied into the gas
supply pipe 2324 is adjusted by the LMFC 2954. TiCl, gas,
the flow rate of which is adjusted, is supplied from the gas
supply pipe 2324 via the gas introduction port 110 onto the
wafer 100 in the process chamber 101, and exhausted from
the exhaust port 161. At the same time, the valve 2724 is
opened to supply N, gas as an inert gas into the inert gas
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supply pipe 271d. The flow rate of the N, gas supplied into the
inert gas supply pipe 271d is adjusted by the MFC 273d. The
N, gas, the flow rate of which is adjusted, is supplied into the
process chamber 101 together with the TiCl, gas, and
exhausted from the exhaust port 161. Also, the valve 233a
may be opened to supply N, gas as an inert gas from the gas
supply pipe 232a. The valve 233g may be opened to supply
N, gas as an inert gas from the gas supply pipe 232g.

In this case, the APC valve 162 is appropriately adjusted to
set the inside of the process chamber 101 to be within a range
of, for example, 10 to 1,330 Pa. The supply flow rate of the
TiCl, gas controlled by the LMFC 2954 is setto be within, for
example, a range of 10 to 100 sccm. A duration for which the
wafer 100 is exposed to the TiCl, gas, i.e., a gas supply time
(gas irradiation time), is set to be within, for example, a range
01 0.01 to 300 seconds. In this case, the temperature of the
heater 106 is set such that the temperature of the wafer 100
falls within, for example, a range of 100 to 400° C., and
preferably 200 to 400° C. Due to the supply of the TiCl, gas,
the titanium-containing layer is formed on the wafer 100.

<Step S306>

In step S306 (refer to the second process and the purge
process of FIGS. 18 and 19), the valve 2334 is closed to stop
the supply of TiCl, gas into the process chamber 101. In this
case, the inside of the process chamber 101 is vacuum-ex-
hausted by the vacuum pump 164 while the APC valve 162 is
open, thereby eliminating the TiCl, gas (that does not react or
that has contributed to the formation of the titanium-contain-
ing layer) remaining in the process chamber 101 from the
process chamber 101. In this case, N, gas is continuously
supplied as an inert gas into the process chamber 101 while
the valve 233q or the valve 233g is open. The N, gas acts as a
purge gas to increase the effect of eliminating the TiCl, gas
(that does not react or that has contributed to the formation of
the titanium-containing layer) remaining in the process
chamber 101 from the process chamber 101. The process
chamber 101 may be purged by supplying the N, gas at a flow
rate of, for example, 200 ccm, for example, for 1 to 60 sec-
onds.

In this case, the gas remaining in the process chamber 101
may not be completely eliminated and the inside of the pro-
cess chamber 101 may not be completely purged. When a
small amount of gas remains in the process chamber 101, step
S307 to be performed thereafter will not be badly influenced
by the gas. In this case, the flow rate of the N, gas to be
supplied into the process chamber 101 need not be high. For
example, the inside of the process chamber 101 may be
purged without causing the next step to be badly influenced
by the gas by supplying an amount of a gas corresponding to
the capacity of the process container 102 [the process cham-
ber 101]. As described above, when the inside of the process
chamber 101 is not completely purged, a purge time may be
reduced to improve the throughput. Furthermore, the con-
sumption of the N, gas may be suppressed to a necessary
minimum level.

<Step S307>

In step S307 (refer to the third process, the metal source
supply process, and the TMA supply process of FIGS. 18 and
19), TMA gas is initially supplied. The valve 233e of the gas
supply pipe 232¢ is opened, and TMA gas is supplied via the
vaporizer 270e and the gas filter 281e into the gas supply pipe
232e. The flow rate of the TM A gas flowing in the gas supply
pipe 232e is adjusted by the LMFC 295¢. The TMA gas, the
flow rate of which is adjusted, is supplied from the gas supply
pipe 232e via the gas introduction port 110 onto the wafer 100
in the process chamber 101, and exhausted from the exhaust
port 161. At the same time, the valve 272¢ is opened to supply
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N, gas as an inert gas into the inert gas supply pipe 271e. The
flow rate of the N, gas supplied into the inert gas supply pipe
271e is adjusted by the MFC 273e. The N, gas, the flow rate
of'which is adjusted, is supplied into the process chamber 101
together with the TMA gas, and exhausted from the exhaust
port 161. The valve 2334 may be opened to supply N, gas as
an inert gas from the gas supply pipe 2324. The valve 233¢g
may be opened to supply N, gas as an inert gas from the gas
supply pipe 232g.

In this case, the APC valve 162 is appropriately adjusted to
set the pressure in the process chamber 101 to be within a
range of, for example, 10 to 1,330 Pa. The supply flow rate of
the TMA gas controlled by the LMFC 295e is set to be within
a range of, for example, 10 to 100 ccm. A duration for which
the wafer 100 is exposed to the TMA gas, i.e., a gas supply
time (gas irradiation time), is set to be within a range of, for
example, 0.01 to 300 seconds. In this case, the temperature of
the heater 106 is set such that the temperature of the water 100
falls within, for example, a range of 100 to 400° C., and
preferably 200 to 400° C. By supplying the TMA gas, a layer
containing aluminum and carbon is formed on the wafer 100.

<Step S308>

In step S308 (refer to a fourth process and a purge process
in FIGS. 18 and 19), the valve 233¢ is closed to stop the
supply of TMA gas into the process chamber 101. In this case,
the inside of the process chamber 101 is vacuum-exhausted
by the vacuum pump 164 while the APC valve 162 is open,
thereby eliminating the TMA gas (that does not react or that
has contributed to the formation of the layer containing alu-
minum and carbon) remaining in the process chamber 101
from the process chamber 101. In this case, N, gas is continu-
ously supplied into the process chamber 101 while the valve
233a or the valve 233g is open (or by opening the valve 233a
or the valve 233g). The N, gas acts as a purge gas to increase
the effect of eliminating the TMA gas (that does not react or
that has contributed to the formation of the layer containing
aluminum and carbon) remaining in the process chamber 101
from the process chamber 101. The process chamber 101 may
be purged by supplying the N, gas at a flow rate of, for
example, 200 ccm, for example, for 1 to 60 seconds.

In this case, the gas remaining in the process chamber 101
may not be completely eliminated and the inside of the pro-
cess chamber 101 may not be completely purged. When a
small amount of gas remains in the process chamber 101,
steps to be performed thereafter will not be badly influenced
by the gas. In this case, the flow rate of the N, gas to be
supplied into the process chamber 101 need not be high. For
example, the inside of the process chamber 101 may be
purged without causing the next step to be badly influenced
by the gas by supplying an amount of a gas corresponding to
the capacity of the process container 102 [the process cham-
ber 101]. As described above, when the inside of the process
chamber 101 is not completely purged, a purge time may be
reduced to improve the throughput. Furthermore, the con-
sumption of the N, gas may be suppressed to a necessary
minimum level.

<Step S309>

By performing a cycle including the above-described steps
S305 to S308 at least once [step S109], a conductive film
containing titanium, aluminum, and carbon, i.e., a titanium
aluminum carbide (TiAIC) film, may be formed on the wafer
100 to a predetermined thickness. Thus, the TiAIC film is
formed on the wafer 100 to a predetermined thickness.

After the TiAIC film is formed, the valve 233a of the inert
gas supply pipe 2324 or the valve 233g of the inert gas supply
pipe 232gis openedto supply N, gas into the process chamber
101. The N, gas acts as a purge gas. Thus, the inside of the
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process chamber 101 is purged with the inert gas, and gases
remaining in the process chamber 101 are removed from the
inside of the process chamber 101. Thereafter, a second film-
forming process of forming a cap film is performed.
Although an example in which TMA is used as a metal-
containing gas has been described, the present invention is not
limited thereto. The metal-containing gas may be triethylalu-
minum (Al(C,Hy),), triisobutylaluminum (Al(C,H,),), or
tris(dimethylamino)aluminum (AI[N(CH,),];) or may be a
source containing any one of boron (B), hatnium (Hf), tanta-
lum (Ta), silicon (Si), and zirconium (Zr) or at least two
thereof. For example, a source, such as tetrakis(diethylamino)
hafnium (Hf[N(C,H;),],), tetrakis(dimethylamino)hatnium
(HfIN(CH,;),1,), tetrakis(ethylmethylamino)hathium (Hf[N

(C,H5)CH;),), tetrakis(diethylamino)zirconium  (Zr(N
(C,Hy),),),  tetrakis(dimethylamino)zirconium  (Zr[N
(CH;),],), tetrakis(ethylmethylamino)zirconium  (Zr[N

(C,H5)CH,],), tert-butylimino tris(ethylmethylamino)tanta-
lum (TBTEMT), tert-butylimino tris(diethylamino)tantalum
(TBTDET), diborane (B,Hy), or disilane (Si,Hy) may be
stored in the liquid source supply tank 291e, or the first liquid
source may be stored.

[Effects of the Present Embodiment]

According to the present embodiment, one or a plurality of
the following effects may be obtained.

(a) According to the present embodiment, oxidation of a
transition-metal-containing carbide film may be prevented.
As shown in FIG. 20, after titanium aluminum carbide is
formed as a transition-metal-containing carbide film, when a
titanium nitride film is formed as a cap film in situ, a rise in
work function due to the oxidation may be prevented.

(b) When the transition-metal-containing carbide film is
formed as a thin film, a work function of a bulk may be
maintained. As shown in FIG. 20, when a titanium aluminum
carbide film is formed as the transition-metal carbide film to
a small thickness of 3 to 5 nm, a work function may also be
maintained.

(¢) By increasing the thickness of the titanium nitride film
as the cap layer, an effective work function may be reduced.
As shown in FIG. 21, when the thickness of the titanium
nitride film is increased, the effective work function may be
reduced.

(d) When the transition-metal-containing carbide film is
formed as a thin film, an oxygen concentration of the transi-
tion-metal-containing carbide film may be reduced by form-
ing the titanium nitride film in situ. As shown in FIG. 22, a
titanium aluminum carbide film is formed to a thickness of 3
nm, and an oxygen concentration of a titanium aluminum
carbide film of a sample in which titanium nitride has been
deposited in situ may be set to be about equal to an oxygen
concentration of a sample in which a titanium aluminum
carbide film has been formed to a great thickness of 10 nm.

Sixth Embodiment

As in the second embodiment, in the present embodiment,
a titanium aluminum carbide (TiAIC) film which is a metal
carbide film (transition metal carbide film) is formed as a gate
electrode under the same process conditions as in the fifth
embodiment using a plurality of process containers, and the
same titanium nitride (TiN) film as in the first embodiment is
formed as a cap film. FIG. 23 is a diagram illustrating a
substrate transfer sequence according to the present embodi-
ment.

Seventh Embodiment

In the present embodiment, a titanium aluminum carbide
(TiAIC) film which is a metal carbide film (transition metal
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carbide film) is formed as a gate electrode, and the same
titanium nitride film as in the first embodiment is formed as a
cap film under the same process conditions as in the fifth
embodiment using the same substrate processing apparatus as
in the third embodiment.

Eighth Embodiment

In the present embodiment, when a plurality of wafers 100
are stacked and processed using the same substrate process-
ing apparatus as in the third embodiment, a titanium alumi-
num carbide (TiAlC) film which is a metal carbide film (tran-
sition metal carbide film) is formed as a gate electrode, and
the same titanium nitride film as in the first embodiment is
formed as a cap layer under the same process conditions as in
the fifth embodiment.

Other Embodiments

Hereinafter, other embodiments will be described.
Although the previous embodiment has been described as a
process of forming a titanium nitride film which is a cap layer
without exposing a wafer having a titanium hafhium nitride
film to an oxygen-containing atmosphere, the previous
embodiment is not limited thereto. By preventing adsorption
of oxygen to an interface between the titanium hafnium
nitride film and the titanium nitride film, the same effects may
be obtained. That is, after exposing the titanium hafnium
nitride film on which a native oxide film is formed (to which
oxygen is adsorbed) to a reducing atmosphere (e.g., reducing
gas or reducing plasma), the titanium nitride film may be
formed.

Although the present embodiment has been described as a
case in which the same source (TiCl,) is used as the first
source and the third source, the first and second sources may
contain different metal elements.

The present embodiment has been described as a process of
forming a titanium nitride film as a cap layer without expos-
ing a substrate having a titanium aluminum carbon (TiAIC)
film as a conductive film to an oxygen-containing atmo-
sphere, but the present embodiment is not limited thereto. By
preventing adsorption of oxygen to an interface between the
TiAIC film and the TiN film, the same effects may be
obtained. That is, after exposing the TiAlC film on which a
native oxide film is formed (to which oxygen is adsorbed) to
a reducing atmosphere (e.g., reducing gas or reducing
plasma), the TiN film may be formed.

The present embodiment has been described as a technique
of forming a transition metal carbide (TiAIC) film using two
gases, i.e., the transition metal source (TiCl,) and the metal
source (TMA). However, the present embodiment is not lim-
ited to the technique, and the transition metal carbide film
may be formed using a source containing a transition metal
(titanium), a metal (aluminum)-containing source, and a car-
bon-containing source. Also, the transition metal carbide film
may be formed by supplying a source containing a transition
metal (titanium) and carbon and a source containing a metal
(aluminum) and carbon.

The present embodiment has been described as an example
in which the titanium aluminum carbon film and the titanium
nitride film are formed, but the present embodiment is not
limited thereto. Any one or at least two of TaAlC, TaN, WAIC,
WN, WC, WSIN, WBC, WSiBN, WBCN, Ni, Ru, and Co
may be formed. For example, when WSiBN is formed, the gas
supply pipe 232d shown in FIG. 2 is replaced with a line
configured to supply WF, and the gas supply pipe 232¢ is
replaced with a line configured to supply a silicon source.
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Also, by adding the gas supply pipe 232¢ and the gas supply
pipe 232110 supply a boron (B) source as a third source from
the gas supply pipe 232¢ and supply a carbon source as a
fourth source from the gas supply pipe 232/, a multi-element-
based film, such as WSiBN, may be formed. In addition to
boron, the third source may contain any one or at least two of
silicon, carbon, and aluminum.

Although the present embodiment has been described as a
case in which N, gas is used as an inert gas, the present
embodiment is not limited thereto. A rare gas, such as argon
(Ar) gas, helium (He) gas, neon (Ne) gas, or xenon (Xe) gas,
may be used as the inert gas. Also, after the transition metal
carbide film is formed or between the formation of the tran-
sition metal carbide film and the formation of the cap film, a
reducing [hydrogen-containing] gas may be used. For
example, when a purge process is performed between the first
and second film-forming processes, adsorption of oxygen
may be prevented using the reducing gas as the inert gas. Also,
oxidation ofthe transition metal carbide film may be inhibited
by exciting the reducing gas. By setting a transfer atmosphere
to be a reducing atmosphere when substrates are moved to a
plurality of process chambers and processed, the same effects
may be obtained.

The present invention is realized by modifying, for
example, a gas supply system of a conventional substrate
processing apparatus used in a process of manufacturing a
semiconductor device and changing a process recipe. When
the process recipe is changed, the process recipe according to
the present invention may be installed in the conventional
substrate processing apparatus via an electrical communica-
tion line or a recording medium storing the process recipe.
Alternatively, an I/O device of the conventional substrate
processing apparatus may be manipulated, and the process
recipe itself may be replaced with the process recipe accord-
ing to the present invention.

While a film-forming technique according to various typi-
cal embodiments of the present invention has been described,
the present invention is not limited thereto. For example, the
present invention may be applied to not only formation of
various films, such as an oxide film, a nitride film, a metal
film, etc., but also other substrate processing processes, such
as a diffusion process, an oxidation process, a nitridation
process, a lithography process, etc. Also, the present inven-
tion may be applied to not only an annealing processing
apparatus but also another substrate processing apparatus,
such as a thin film-forming apparatus, an etching apparatus,
an oxidation apparatus, a nitridation apparatus, a coating
apparatus, a heating apparatus, etc. Also, the present inven-
tion may be applied to a mixture of the above-described
apparatuses.

Preferred Embodiments of the Present Invention

Preferred embodiments of the present invention will be
supplementarily described below.

[Supplementary Note 1]

According to one aspect of the present invention, there is
provided a method of manufacturing a semiconductor device,
the method including: alternately supplying a first source
containing a first metal element and a halogen element and a
second source containing a second metal element different
from the first metal element and an amino group to a substrate
having a high-k dielectric film to form a composite metal
nitride film on the high-k dielectric film.

[Supplementary Note 2]

According to another aspect of the present invention, there
is provided a method of manufacturing a semiconductor
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device, the method including: loading a substrate having a
high-k dielectric film into a process chamber; alternately
supplying a first source containing a first metal element and a
halogen element and a second source containing a second
metal element different from the first metal element and an
amino group onto the substrate in the process chamber to
form a composite metal nitride film on the high-k dielectric
film; and alternately supplying a third source containing a
third metal element and a fourth source containing nitrogen
onto the substrate in the process chamber to form a metal
nitride film on the composite metal nitride film.

[Supplementary Note 3]

The method of Supplementary note 1 or 2, wherein the first
metal element is a transition metal element.

[Supplementary Note 4]

The method of any one of Supplementary notes 1 through
3, wherein the second metal element is a transition metal
element.

[Supplementary Note 5]

The method of any one of Supplementary notes 1 through
4, wherein the second source contains any one of tetrakis
(diethylamino)hafnium (Hf[N(C,H,),],, abbreviated as:
TDEAHY), tetrakis(dimethylamino)hafnium (Hf{N(CH;), ],
abbreviated as: TDMAHY{), or tetrakis(ethylmethylamino)
hafnium (Hf{N(C,H;)CH,],, abbreviated as TEM AHI).

[Supplementary Note 6]

The method of any one of Supplementary notes 1 through
5, wherein the first source contains TiCl,.

[Supplementary Note 7]

The method of any one of Supplementary notes 1 through
6, wherein the transition metal element of the first metal
element contains at least one element selected from a group
consisting of titanium (T1), tungsten (W), tantalum (Ta), zir-
conium (Zr), hafnium (Hf), ruthenium (Ru), nickel (Ni), and
cobalt (Co).

[Supplementary Note 8]

The method of any one of Supplementary notes 1 through
7, wherein the transition metal element of the second metal
element contains at least one element selected from a group
consisting of Ti, W, Ta, Zr, Hf, Ru, Ni, and Co.

[Supplementary Note 9]

The method of any one of Supplementary notes 1 through
8, wherein a ligand of the amino group of the second source
contains any one of an ethyl group, a methyl group, and a
cyclopenta-based group.

[Supplementary Note 10]

The method of Supplementary note 2, wherein the third
metal element is a transition metal element.

[Supplementary Note 11]

The method of Supplementary note 2 or 10, wherein the
transition metal element of the third metal element contains at
least one element selected from a group consisting of Ti, W,
Ta, Zr, Hf, Ru, Ni, and Co.

[Supplementary Note 12]

The method of any one of Supplementary notes 2, 10, and
11, wherein the first metal element is same as the third metal
element.

[Supplementary Note 13]

The method of any one of Supplementary notes 2, and 10
through 12, wherein the first source and same as the third
source.

[Supplementary Note 14]

The method of any one of Supplementary notes 1 through
13, wherein, when the composite metal nitride film is formed,
a process temperature is set to be in the range of 330 to 350°
C.
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[Supplementary Note 15]

The method of any one of Supplementary notes 1 through
14, wherein, when the first source and the second source are
alternately supplied, a supply time of the second source per
cycle is set to be in the range of 10 to 30 seconds.

[Supplementary Note 16]

According to another aspect of the present invention, there
is provided a substrate processing method including alter-
nately supplying a first source containing a first metal element
and a halogen element and a second source containing a
second metal element different from the first metal element
and an amino group to a substrate having a high-k dielectric
film to form a composite metal nitride film on the high-k
dielectric film.

[Supplementary Note 17]

According to another aspect of the present invention, there
is provided a substrate processing method including: loading
a substrate having a high-k dielectric film into a process
chamber; alternately supplying a first source containing a first
metal element and a halogen element and a second source
containing a second metal element different from the first
metal element and an amino group onto the substrate in the
process chamber to form a composite metal nitride film on the
high-k dielectric film; and alternately supplying a third source
containing a third metal element and a fourth source contain-
ing nitrogen onto the substrate in the process chamber to form
a metal nitride film on the composite metal nitride film.

[Supplementary Note 18]

According to another aspect of the present invention, there
is provided a substrate processing apparatus including: a pro-
cess chamber configured to accommodate a substrate having
a high-k dielectric film; a first source supply system config-
ured to supply a first source containing a first metal element
and a halogen element into the process chamber; a second
source supply system configured to supply a second source
containing a second metal element different from the first
metal element and an amino group into the process chamber;
and a control unit configured to control the first source supply
system and the second source supply system to execute a
process of alternately supplying the first source and the sec-
ond source into the process chamber to form a composite
metal nitride film on the high-k dielectric film.

[Supplementary Note 19]

According to another aspect of the present invention, there
is provided a substrate processing apparatus including: a pro-
cess chamber configured to accommodate a substrate having
a high-k dielectric film; a first source supply system config-
ured to supply a first source containing a first metal element
and a halogen element into the process chamber; a second
source supply system configured to supply a second source
containing a second metal element different from the first
metal element and an amino group into the process chamber;
a third source supply system configured to supply a third
source containing a third metal element into the process
chamber; a fourth source supply system configured to supply
a fourth source containing nitrogen into the process chamber;
and a control unit configured to control the first source supply
system and the second source supply system to execute a
process of alternately supplying the first source and the sec-
ond source into the process chamber to form a composite
metal nitride film on the high-k dielectric film, and configured
to control the third source supply system and the fourth source
supply system to execute a process of alternately supplying
the third source and the fourth source to form a metal nitride
film on the composite metal nitride film.

[Supplementary Note 20]

According to another aspect of the present invention, there
is provided a program for causing a computer to perform a
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sequence of alternately supplying a first source containing a
first metal element and a halogen element and a second source
containing a second metal element different from the first
metal element and an amino group onto a substrate having a
high-k dielectric film to form a composite metal nitride film
on the high-k dielectric film.

[Supplementary Note 21]

According to another aspect of the present invention, there
is provided a program for causing a computer to perform: a
sequence ofloading a substrate having a high-k dielectric film
into a process chamber; a sequence of alternately supplying a
first source containing a first metal element and a halogen
element and a second source containing a second metal ele-
ment different from the first metal element and an amino
group onto the substrate in the process chamber to form a
composite metal nitride film on the high-k dielectric film; and
a sequence of alternately supplying a third source containing
a third metal and a fourth source containing nitrogen onto the
substrate in the process chamber to form a metal nitride film
on the composite metal nitride film.

[Supplementary Note 22]

According to another aspect of the present invention, there
is provided a non-transitory computer-readable recording
medium storing a program for causing a computer to perform
a sequence of alternately supplying a first source containing a
first metal element and a halogen element and a second source
containing a second metal element different from the first
metal element and an amino group onto a substrate having a
high-k dielectric film to form a composite metal nitride film
on the high-k dielectric film.

[Supplementary Note 23]

According to another aspect of the present invention, there
is provided a non-transitory computer-readable recording
medium storing a program for causing a computer to perform:
a sequence of loading a substrate having a high-k dielectric
film into a process chamber; a sequence of alternately sup-
plying a first source containing a first metal element and a
halogen element and a second source containing a second
metal element different from the first metal element and an
amino group onto the substrate in the process chamber to
form a composite metal nitride film on the high-k dielectric
film; and a sequence of alternately supplying a third source
containing a third metal element and a fourth source contain-
ing nitrogen onto the substrate in the process chamber to form
a metal nitride film on the composite metal nitride film.

[Supplementary Note 24]

According to another aspect of the present invention, there
is provided a method of manufacturing a semiconductor
device, including: a process of accommodating a substrate
having a high-k dielectric film; a first film-forming process of
forming a transition metal carbide film on the high-k dielec-
tric film; and a second film-forming process of forming a
metal-containing film on the transition metal carbide film.

[Supplementary Note 25]

The method of Supplementary note 24, wherein, in the first
film-forming process, a first source containing a transition
metal and a second source containing a metal and carbon are
alternately supplied.

[Supplementary Note 26]

The method of Supplementary note 24, wherein, in the first
film-forming process, a first source containing a transition
metal and carbon and a second source containing a metal are
alternately supplied.

[Supplementary Note 27]

The method of Supplementary note 24, wherein, in the first
film-forming process, a first source containing a transition
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metal and carbon and a second source containing a metal and
carbon are alternately supplied.

[Supplementary Note 28]

The method of Supplementary note 24, wherein, in the first
film-forming process, a first source containing a transition
metal, a second source containing a metal, and a third source
containing carbon are alternately supplied.

[Supplementary Note 29]

The method of any one of Supplementary notes 24 or 25,
wherein, in the second film-forming process, a first source
containing a transition metal and a reactive gas containing a
nitrogen source are alternately supplied.

[Supplementary Note 30]

The method of any one of Supplementary note 24 or 25,
wherein, in the second film-forming process, a first source
containing a transition metal, a reactive gas containing a
nitrogen source, and a third source containing any one of
boron (B), carbon (C), silicon (Si), and aluminum (Al) or at
least two thereof are sequentially supplied.

[Supplementary Note 31]

The method of any one of Supplementary notes 24 through
26, further including a process of retaining a time space
between the first film-forming process and the second film-
forming process using an inert gas.

[Supplementary Note 32]

The method of any one of Supplementary notes 24 through
26, further including a process of supplying a reducing gas
after the first film-forming process and performing the second
film-forming process after the process of supplying the reduc-
ing gas.

[Supplementary Note 33]

The method of any one of Supplementary notes 24 through
26, further including a process of supplying a reducing gas
before the second film-forming process.

[Supplementary Note 34]

The method of any one of Supplementary notes 31 through
33, wherein the process of supplying the reducing gas
includes a process of exciting the reducing gas.

[Supplementary Note 35]

The method of any one of Supplementary notes 24 through
34, wherein the high-k dielectric film has a dielectric constant
0f'4.0 or more.

[Supplementary Note 36]

The method of any one of Supplementary notes 24 through
32, wherein the high-k dielectric film is formed of any one of
ZrO, HIO, LaO, YO, TaO, CeO, TiO, AlQ, SiO, SiN, STO,
and BTO or a combination of at least two thereof.

[Supplementary Note 37]

The method of any one of Supplementary notes 24 through
33, wherein the film formed in the first film-forming process
has athickness of 5 nm or less, and a film formed in the second
film-forming process has a thickness of 1 nm or more.

[Supplementary Note 38]

The method of any one of Supplementary notes 24 through
34, wherein the film formed in the second film-forming pro-
cess contains a transition metal.

[Supplementary Note 39]

The method of any one of Supplementary notes 24 through
35, wherein the transition metal contains any one of Ti, W, Ta,
Zr, Hf, Ru, Ni, and Co or at least two thereof.

[Supplementary Note 40]

The method of any one of Supplementary notes 24 through
36, wherein the film formed in the first film-forming process
and the film formed in the second film-forming process con-
tain any one of boron, carbon, silicon, and aluminum or at
least two thereof.
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[Supplementary Note 41]

According to another aspect of the present invention, there
is provided a method of manufacturing a semiconductor
device including: a process of accommodating a substrate
having a high-k dielectric film and a transition-metal-contain-
ing carbide film formed on the high-k dielectric film; and a
process of forming a film containing a transition metal on the
substrate.

[Supplementary Note 42]

The method of Supplementary note 41, further including a
process of supplying a reducing gas before the process of
forming the film containing the transition metal.

[Supplementary Note 43]

The method of Supplementary note 41, wherein the pro-
cess of supplying the reducing gas includes a process of
exciting the reducing gas.

[Supplementary Note 44]

According to still another aspect of the present invention,
there is provided a program for causing a computer to per-
form: a sequence of accommodating a substrate having a
high-k dielectric film; a first film-forming sequence of form-
ing a transition metal carbide film on the substrate; and a
second film-forming sequence of forming a metal-containing
film on the transition metal carbide film.

[Supplementary Note 45]

According to yet another aspect of the present invention,
there is provided a program for causing a computer to perform
a sequence of accommodating a substrate having a high-k
dielectric film and a transition-metal-containing carbide film;
and a sequence of forming a film containing a transition metal
on the substrate.

[Supplementary Note 46]

According to yet another aspect of the present invention,
there is provided a non-transitory computer-readable record-
ing medium storing a program for causing a computer to
perform: a sequence of accommodating a substrate having a
high-k dielectric film; a sequence of forming a transition
metal carbide film containing at least one layer containing a
metal and a transition metal on the substrate; and a sequence
of forming a metal film containing a transition metal on the
substrate.

[Supplementary Note 47]

According to yet another aspect of the present invention,
there is provided a substrate processing apparatus including:
a process chamber configured to accommodate a substrate
having a high-k dielectric film; a transition metal source
supply unit configured to supply a transition metal source
containing a transition metal onto the substrate; a metal
source supply unit configured to supply a metal source con-
taining a metal and carbon onto the substrate; a reactive gas
supply unit configured to supply a nitrogen-containing reac-
tive gas onto the substrate; and a control unit configured to
control the transition metal source supply unit, the metal
source supply unit, and the reactive gas supply unit such that
the transition metal source and the metal source are alter-
nately supplied to form a transition metal carbide film, and the
transition metal source and the reactive gas are alternately
supplied to form a transition metal-containing film after
forming the transition metal carbide film.

The invention claimed is:

1. A method of manufacturing a semiconductor device,
comprising:

(a) alternately supplying a first source containing a first
metal element and a halogen element and a second
source containing a second metal element different from
the first metal element and at least one selected from the
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group consisting of a ligand of a methyl group, a ligand
of an ethyl group and a ligand of a cyclopenta-based
group onto a substrate in a process chamber to form a
composite metal-containing film on the substrate; and

(b) alternately supplying a third source containing a third
metal element and a fourth source containing nitrogen
onto the substrate in the process chamber to form a metal
nitride film on the composite metal-containing film.

2. The method of claim 1, wherein the composite metal-

containing film comprises a composite metal nitride film.

3. The method of claim 1, wherein the composite metal-
containing film comprises a composite metal carbide film.

4. The method of claim 1, wherein the first metal element
comprises one element selected from the group consisting of
titanium, tungsten, tantalum, zirconium, hafnium, ruthenium,
nickel and cobalt.

5. The method of claim 1, wherein the third metal element
comprises one element selected from the group consisting of
titanium, tungsten, tantalum, zirconium, hafnium, ruthenium,
nickel and cobalt.

6. The method of claim 1, wherein the first metal element is
same as the third metal element.

7. The method of claim 1, further comprising:

(c) supplying a reducing gas onto the substrate before

performing the step (b).

8. The method of claim 7, wherein (¢) comprises exciting
the reducing gas.

9. The method of claim 1, wherein the metal-containing
film is formed on the substrate having a high-k dielectric film
formed on a surface thereof.

10. The method of claim 1, wherein the composite metal-
containing film has a thickness of 5 nm or less and the metal
nitride film has a thickness of 1 nm or more.

11. The method of claim 1, further comprising:

(d) retaining a time gap between (a) and (b) using an inert

gas.

12. A substrate processing apparatus comprising:

aprocess chamber configured to accommodate a substrate;

a source supply system configured to supply a first source
containing a first metal element and a halogen element,
a second source containing a second metal element dif-
ferent from the fist metal element and at least one
selected from the group consisting of a ligand of a
methyl group, a ligand of an ethyl group and a ligand of
a cyclopenta-based group, a third source containing a
third metal element and a fourth source containing nitro-
gen onto the substrate; and

a control unit configure to control the source supply system
to perform: alternately supplying the first source and the
second source onto the substrate in the process chamber
to form a composite metal-containing film on the sub-
strate; and alternately supplying the third source and the
fourth source onto the substrate to form a metal nitride
film on the composite metal-containing film.

13. A non-transitory computer-readable recording medium

storing a program for causing a computer to perform:

(a) alternately supplying a first source containing a first
metal element and a halogen element and a second
source containing a second metal element different from
the first metal element and at least one selected from the
group consisting of a ligand of a methyl group, a ligand
of an ethyl group and a ligand of a cyclopenta-based
group onto a substrate in a process chamber to form a
composite metal-containing film on the substrate; and

(b) alternately supplying a third source containing a third
metal element and a fourth source containing nitrogen
onto the substrate in the process chamber to form a metal
nitride film on the composite metal-containing film.
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